# EXHIBIT A 
NEURO 
PHARMACOLOGY 

PERGAMON Neuropharmacology 38 (1999) 199-207 ==^^^= 



Neuroprotective activity of the potent and selective mGlula 
metabotropic glutamate receptor antagonist, ( + )-2-methyl-4 
carboxyphenylglycine (LY367385): comparison with LY357366, a 
broader spectrum antagonist with equal affinity for mGlula and 

mGlu5 receptors 

V. Bruno \ G. Battaglia % A. Kingston ^ M.J. O'Neill ^ M.V. Catania % 

R. Di Grezia ^ F. Nicoletti 

** LN.M, Neuromed, Pozzilli, Italy 
^Eli Lilly, Lilly Research Centre, Windlesham, UK 
^LBS.S.N.C., CN.R., Catania, Italy 
^Institute of Pharmacology, School of Pharmacy, University of Catania, Viale A. Doria, 6, 95125 Catania Italy 

Accepted 17 July 1998 



Abstract 

( + )-2-Methyl-4-carboxyphenylglycine (LY367385), a potent and selective antagonist of mGlula metabotropic glutamate 
receptors, was neuroprotective in the following in vitro and in vivo models of excitotoxic death: (i) mixed cultures of murine 
cortical cells transiently exposed to A^«methyl-D-aspartate (NMDA); (ii) rats monolaterally infused with NMDA into the caudate 
nucleus; and (iii) gerbils subjected to transient global ischemia. We have compared the activity of LY367385 with that of the novel 
compound ( ± )-a-thioxantylmethyl-4-carboxyphenylglycine (LY367366), which antagonizes both mGlula and -5 receptors at low 
micromolar concentrations, but also recruits other subtypes at higher concentrations. Although LY367366 was neuroprotective, 
it was in general less efficacious than LY357385, suggesting that inhibition of mGlul receptors is sufficient to confer significant 
neuroprotection. We conclude that endogenous activation of mGlula receptors (or perhaps other mGlul receptor splice variants) 
contributes to the development of neuronal degeneration of excitotoxic origin. © 1999 Published by Elsevier Science Ltd. All 
rights Fjeserved. 
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1. Introduction 

Recent evidence suggests that metabotropic gluta- 
mate (mGlu) receptors are potential targets for neuro- 
protective drugs. In particular, activation of group-II 
(mGlu2 and -3) or group-III (mGlu4, -7 and -8) mGlu 
receptor subtypes is protective against excitotoxicity or 
other form of neuronal degeneration (Nicoletti et al., 
1996). The role of group-I mGlu receptors (i.e. mGlul 
and -5) in neurodegeneration/neuroprotection has re- 
cently been examined by using subtype-selective ago- 
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nists or antagonists. Results obtained with agonists are 
controversial. In murine cortical cells in culture, the 
group-I mGlu receptor agonists (i^jS") -3,5- dihydroxy- 
phenylglycine, quisqualate, /rfl/i^-a2etidine-2,3-dicar- 
boxylic acid, and 3-hydroxyphenyIglycine amplify neu- 
ronal degeneration induced by submaximal concentra- 
tions of A^-methyl-D-aspartate (NMDA) or by mild 
conditions of hypoxia combined with glucose depriva- 
tion (Bruno et al., 1995; Buisson and Choi, 1995). In 
contrast, group-I mGlu receptor agonists are neuropro- 
tective in cultured cerebellar granule cells or in brain 
slice preparations (Pizzi et al., 1996a,b). Inhibition of 
group-I mGlu receptors consistently results into neuro- 
protection. Thus, intracerebroventricular injection of 
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antisense oligonucleotides directed against mGlu5 re- 
ceptors protects striatal neurons against malonic acid 
lesions (Cha et al., 1996), whereas a series of mGlul 
receptor antagonists, including aminoindandicarboxylic 
acid (AIDA), 4-carboxyphenylglycine (4CPG) and 4- 
. carboxy-3-hydroxyphenylglycine (4C3HPG), reduce 
NMDA toxicity in cultured cortical cells (Buisson and 
Choi, 1995; Strasser et al., 1997). AIDA can also 
attenuate the delayed degeneration of vulnerable neu- 
rons in gerbils subjected to transient global ischemia 
(Cozzi et al., 1997), suggesting that activation of 
mGluIa receptors contributes to the development of 
ischemic neuronal damage. It is important to confirm 
these promising results by using more selective and 
potent group-I mGlu receptor antagonists. We have 
examined the neuroprotective activity of ( -h )-2-methyl- 
4-carboxyphenylgIycine (LY367385), a highly potent 
and selective mGlula receptor antagonist (Clark et al., 
1997). In addition, we have compared the activity of 
LY367385 with that of the novel compound, (±)-a- 
thioxantylmethyl-4-carboxyphenylglycine {LY367366), 
which antagonizes mGlula and -5 receptors with equal 
affinity. 



2. Materials and methods 

2.1. Assessment of excitotoxic neuronal death in culture 

Mixed cortical cell cultures containing both neurons 
and astrocytes were prepared from fetal mice at 14-16 
day of gestation, as described by Rose et al. (1992). In 
brief, dissociated cortical cells were plated in 15-mm 
multiwell vessels (Falcon Primaria, Lincoln Park, NY) 
on a layer of confluent astrocytes (Rose et al., 1992), 
using a plating medium of MEM-Eagle's salts (supplied 
glutamine-free) supplemented with 5% heat-inactivated 
horse serum, 5% fetal bovine serum, glutamine (2 mM), 
glucose (21 mM), and NaHCOj (25 mM). After 3-5 
days in vitro (DIV), non neuronal cell division was 
halted by a 1-3 day exposure to 10 |iM cytosine ara- 
binoside, and cultures were shifted to a maintenance 
medium identical to plating medium, but lacking fetal 
bovine serum. Subsequent partial medium replacement 
was carried out twice a week. Cultures at 13-14 DIV 
were used. 

We have exposed the cultures to NMDA for 10 min 
at room temperature in a HEPES-buffered salt solution 
containing (in mM): 120 NaCl, 5.4 KCI, 0.8 MgCl2, 1.8 
CaClj, 20 HEPES, 15 glucose. Afterwards, the cultures 
were extensively washed and incubated in MEM-Ea- 
gle's (supplemented with 25 mM NaHCOa and 21 mM 
glucose) at 37°C, Neuronal injury was estimated by 
examining the cultures with phase-contrast microscopy 
24 h after the insult, when the process of cell death was 
largely complete. Neuronal damage was quantitatively 



assessed by trypan-blue staining. Stained neurons were 
counted from three random fields per well. 



2.2. Assessment of in vivo neuronal injury 

Male Sprague-Dawley rats (250-300 g, b.w.) were 
anesthesized with pentobarbital (50 mg/kg, i.p.) and 
infused with NMDA (100 nmol/0.5 ^1/2 min) or 
NMDA -h mGlu receptor antagonists (200 nmol in the 
same volume) in the left corpus striatum, at H- 2.0 mm 
AP, 2.6 mm L, and 5 nun V, according to the Pelle- 
grino and Cushman atlas. The injection was repeated 
at a second site ( + 1 mm AP, 2.6 mm L, and 5 mm 
V) to obtain a more consistent loss of striatal neurons. 
Animals were killed by decapitation 7 days later. Neu- 
ronal toxicity was evaluated either by histological 
analysis or by measuring striatal glutamate decarboxy- 
lase (GAD) activity as a marker for GABAergic neu- 
rons. For histological analysis, the brains were 
removed, rapidly frozen in isopentan at -40^C, and 
then stored at -SO'^C. Twenty micrometre cryostat 
sections were Nissal-stained and examined in light mi- 
croscopy. For measurements of GAD activity, the cor- 
^pus striatum was dissected bilaterally and 
homogenized in 5 mM imidazol buffer containing 
0.2% Triton X-100 and 10 mM dithiothreitol. An 
aliquot of the homogenate was incubated in 400 \il of 
10 mM phosphate bufTer (pH 7.0) containing 10 mM 
2-mercaptoethanol, 0.02 mM pyridoxalphosphate, and 
1 ^Ci of pH]-glutamate (Amersham, sp. act. 46 Ci/ 
mmol) for 1 h at 3TC; the reaction was stopped with 
15 ^il of ice-cold 11.8 N HCIO4. After centrifugation in 
a microfuge at maximal speed, 10 jil of the superna- 
tant were diluted 4 with 0.01 N HCl and derivatized 
with 0-phthalaldehyde and mercaptoethanol for 1 min 
at room temperature before injection into a HPLC. 
The HPLC apparatus consisted of a programmable 
solvent module 126 (Beckman Instrument, Fullerton 
CA), an analytical C-18 reverse phase column kept at 
30°C (Ultrasphere ODS 5 ^m Spherical, 80 A pore, 2 
nun X 15 cm, Beckman Instrument) and a RF-551 
spectrofluorometric detector (Shimadzu). Excitation 
and emission were set at 360 and 450 nm, respectively. 
The mobile phase consisted of (A) 50 mM sodium 
phosphate/10% methanol, pH 7,2, and (B) 50 mM 
sodium phosphate/70% methanol, pH 7.2. After 8 min 
of isocratic conditions with 98% (A) and 2% (B), (B) 
was increased up to 40% in 30 min and then to 98% in 
1 min and maintained at 98% for 11 min before re- 
turning to the initial conditions. The radioactivity 
coeluting with- GABA was collected and counted by 
scintillation spectrometry. Protein concentrations in 
the original samples were determined by using a com- 
mercially available kit (BIO-RAD protein assay, BIO- 
RAD Laboratories, Munchen). 
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2.3. Assessment of ischemic neuronal death in gerbils 

Male Mongolian gerbils (Bantin and Kingman, Hull, 
UK) at least 3-months-old and weighing an excess of 60 
g were used. The animals were maintained at a constant 
. temperature of 21 ± TC with standard lighting condi- 
tions and food and water ad libitum. The animals were 
anaesthesized by inhalation of 5% halothane/oxygen in 
anaesthetic mixture and maintained with 2% halothane 
delivered with oxygen at 1 1/min via a face mask 
throughout the operation and placed on a thermostati- 
cally controlled heating blanket to maintain body tem- 
perature within the range of 37-38°C. The animals 
were then placed in a stereotaxic apparatus and the 
scalp incised so as to uncover the parietal bones. Two 
small holes were drilled in the skull and cannulae 
stereotaxically implanted in the lateral ventricle (coordi- 
nates: 2 mm AP, ± 2 mm L, and — 1 .2 nmi V to 
bregma). LY367385 (100 nmol/2.5 ^/5 min, to obtain a 
final brain concentration of 250 ^iM) or vehicle (2.5 |il 
over 5 min) was infused, the cannulae were then with-, 
drawn and the wound sutured. After 30 min, a small 
midline cervical incision was made to expose both 
conmion carotid arteries. In animals to be rendered 
ischaemic, both carotid arteries were clamped for 5 
min. At the end of the occlusion blood was re-estab- 
lished. In sham operated animals, the arteries were 
exposed but not occluded. The wound was then sutured 
and the animals allowed to recover. The temperature 
was maintained at ZTC throughout surgery using a 
'K-temp' temperature controller/heating pad (Interna- 
tional Market Supply, Chershire, UK) and rectal tem- 
peratures were measured. The animals were allowed to 
recover in a thermacage (Beta Medical and Scientific, 
UK), which consisted in a 4-compartmental chamber in 
which the environmental temperature was maintained 
at 28°C and rectal temperatures were monitored for 6 h 
post-occlusion. 

Five days after surgery, the animals were perfused 
transcardially with 30 ml of 0.9% saline followed by 100 
ml of 10% buffered formalin solution. The brains were 
removed and placed in 10% formalin for 2 days, pro- 
cessed and embedded in paraffin wax. Five micrometers 
coronal sections were taken at 1.5, 1.7 and 1.9 mm 
caudal to the bregma in the anterior hippocampus 
using a sledge (Leitz 1400) microtome. The slices were 
stained with haematoxylin and eosin and the neuronal 
density in the CAl subfield of the hippocampus was 
measured using a microscope with grid lines (0.05 x 
0.05 mm). 

2.4, Materials 

LY367385 and LY367366 (Fig. 1) were synthesized 
by Lilly Research Laboratories. Synthesis of LY367385 
is described by Clark et al. (1997). LY367366 was 



synthesized according to the method described by Clafk 
et al. (manuscript submitted). A comparative pharma- 
cological profile of LY367385 and LY367366 at differ- 
ent mGlu receptor subtypes or ionotropic Glu receptors 
is shown in Table 1. Note that LY367385 is a highly 
selective antagonist of mGlu la receptors; LY367366 is 
equally potent at mGlul a and -5 receptors, but may 
also interact with other mGlu subtypes at concentra- 
tions > 10 gM; LY367385 and LY367366 fail to inter- 
act with AMPA, NMDA or kainate binding sites. 

(S')-3,5-Dihydroxyphenylglycine (DHPG), 1-amino- 
cyclopentane-1 5,37?-dicarboxylic acid (15,3/^ -ACPD) 
and NMDA were purchased from Tocris Cookson, 
Langford, Bristol, UK. All other drugs or chemicals 
were purchased from Sigma, Milano, Italy. 



3. Results 

Neuroprotective activity of mGlu receptor 
antagonists in culture 

In mixed cortical cultures, a 10-min pulse with 100 
[iM NMDA led to necrotic death of about 70-80% of 
the neuronal population. LY367385 or LY367366 com- 
bined with NMDA during the toxic pulse attenuated 
neuronal degeneration in a concentration-dependent 
fashion, with a maximal reduction of NMDA toxicity 
ranging from 40 to 60% (Fig. 2). LY367385 showed 
greater efficacy than LY367366 and neither of these 
compounds influenced neuronal viability per se (results 
not shown). Given that activation of group-I mGlu 
receptors ampilfies NMDA toxicity in cortical cultures 
(Bruno et al., 1995; Buisson and Choi, 1995), we have 
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LY367385:(+)-2-methyl-4-carboxyphenylglycine 




LY367366: (db)-a-thioxanthylmethyl-4-carboxyphenylglycinc 

Fig. 1. Structures of the group-I mGlu receptor antagonists, 
LY367385 and LY367366. 
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Table 1 

Pharmacological profile of LY367385 and LY367366 at different 
mGlu or ionotropic Glu receptor subtypes'* 





•LY367385 


LY367366 


Group mGlu receptors 






mGlul 
mGlu5 


-8.8 ±3.9 
*>200 


5.7 + 2.9 
3.4 ±1.5 


Group -1/ mGlu receptors A CPD -sensitive 
[^H]glutamate binding 






>>100 


>10 


Group-Ill mGlu receptors mGlu4/8 


>10 


>10 


pHJAMPA binding 


>I0000 


> 10 000 


pH]Kainate binding 


>10000 


>10 000 


PH]CGP39653 binding 


>10000 


>10000 



.^50 '"'"^o n^puiicu Hi ^.mean x n = j;. I he potencies 
of LY367385 and LY367366 at mGlula or -5 receptors were deter- 
mined by measuring quisqualatcsiimulated polyphosphoinositide hy- 
drolysis in AV-12 cells expressing either of these subtypes (Kingston 
et ah, 1995). ACPD-sensitive pHJglutamate binding to adult rat 
forebrain membranes was carried out according to the method de- 
scribed by Wright et al. (1994). The efiect of compounds at mGlu4 
and mGlu8 receptors was estimated by measuring the reduction of 
cAMP formation by L-2-amino-4-phosphonobutanoate in cells over- 
expressing mGIu4 receptors, as described by Schoepp et al., (1997). In 
experiments measuring cAMP formation in mGlu2 and mGIu4 ex- 
pressing cells, neither LY367385 nor LY367366 produced agonist 
effecte (data not shown). Measurement of [^H]AMPA, pHJkainate 
and pH]CGP39653 binding was carried out as described by Schoepp 
et al. (1995). pHJAMPA (5 nM) binding was undertaker) with 
washed crude rat forbrain membranes in the presence of KSCN (100 
mM). Non specific binding was determined with 10 ^M AMPA 
Binding of pH]CGP39653 (10 nM), a selective NMDA receptor 
hgand, was performed with Triton-XlOO treated rat forebrain synap- 
tosomal membranes, and non-specific binding was determined with 
10 jiM glutamate. [^HJKainale (5 nM) binding was performed at 4X 
usmg washed rat forbrain synaptosomal membranes, and non-specific 
bmdmg was determined with kainate (100 ^M). In all cases, bound 
and free ligands were separated by filtration. 

examined the effect of LY367385 or LY367366 on the 
potentiation of NMDA toxicity by the selective mGlu I / 
5 receptor agonist, DHPG (Ito et al., 1992). DHPG was 
combined with a lower concentration of NMDA (60 
mi which killed only 30-40% of the neuronal popu- 
lation (Bruno et al., 1995). LY367385 and LY367366 
showed potent neuroprotective effects, with both com- 
pounds causing a 50% reduction in DHPG potentiation 
at a concentration of 10 nM. Moreover, under these 
experimental conditions at higher concentrations of 
antagonist, both LY367385 and LY367366 completely 
antagonized the amplification of NMDA toxicity by 
DHPG. At 10 ^iM, LY367385 brought the extent of 
degeneration below the levels observed with NMDA 
alone. In contrast, increasing the concentration of 
LY367366 to 10 ^iM produced a lesser neuroprotective 
efiect than observed at 1 ^M (Fig. 3). This inverse trend 
in the dose-response curve of LY367366 has also 
been observed for similar experiments carried out with 
pure cultures of rat cortical neurons (results not 
shown). 



3,2. Neuroprotective activity of mGlu receptor 
antagonists against excitotoxic striatal lesions 

In animals infused with NMDA (100 nmol/0.5 ^l1/2 
min; double injection) in the left caudate nucleus, histo- 
logical analysis showed a central core of necrosis, sur- 
rounded by an area of extensive neuronal loss, reactive 
gliosis and oedema. Neuronal loss and picnosis were 
still visible in the remote periphery of the lesion, about 
3 mm posterior to the injection sites (Fig. 4A). In 
animals coinfused with NMDA and LY367385 (200 
nmol/0.5 ^1/2 min; double injection), the central area of 
necrosis was much smaller, although oedema and reac- 
tive gliosis were still substantial. Outside the necrotic 
area, neurons were spared and exhibited a regular 
shape. The extension of the lesion was much more 
limited in animals infused with NMDA -f LY367385 
than in those infused with NMDA alone (Fig. 4A,B). 
In animals infused with NMDA H- LY367366 (200 
nmol/0.5 ^il/double injection), the size of the necrotic 
area and the extension of the lesion was intermediated 
between those observed in animals infused with NMDA 
and NMDA-hLY367385 (Fig. 4C-E). Oedema was 
however, less pronounced in animals infused with 
NMDA + LY367366 than in animals infused with 
NMDA or NMDA + LY367385. 

To quantify the neuroprotective activity of 
LY367385 and LY367366 we have measured striatal 
GAD activity, which reflects the number of spared 
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Fig. 2. Concentration-dependent neuroprotection by LY367385 or 
LY367366 applied in combination with 100 NMDA to mixed 
cortical cultures. Values are means ± S.E.M. of four- 12 determina- 
tions and are expressed as per cent of NMDA toxicity. Basal values 
(trypan blue-positive neurons in three random microscopic fields)- 
18 ± 3.1; NMDA: 140 ± 7.4. Neither LY367385 not LY367366 influ- 
enced neuronal viability per se (not shown). * P<Om (One-way 
ANOVA + Fisher PLSD), if compared with NMDA alone. # P< 
0.01 (Student's /-test), if compared with the corresponding LY367366 
values. 
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Fig. 3. LY367385 and LY367366 counteract the potentiation of NMDA toxicity induced by DHPG in mixed cultures of cortical cells. Values are 
means ± SEM. of four determinations and are expressed as per cent of DHPG-induced potentiation of NMDA toxicity. Basal values (trypan 
blue-positive neurons in three random fileds): 44 ± 1; NMDA, 60 jiM: 70 ±4; NMDA + DHPG, 100 jiM: 145 ±5. All values are significantly 
different from controls (CTRL) (/»<0.01, One-way ANOVA + Fisher PLSD). 



GABAergic neurons. GAD activity in the injected cau- 
date nucleus was always related to the respective unle- 
sioned controlateral site. Infusion of NMDA alone 
reduced striatal GAD activity by about 50%. The ex- 
tent of this reduction was significantly smaller in the 
striatum injected . with NMDA + LY367385 or 
NMDA -f LY367366. As opposed to what observed by 
histological analysis, there was no difference between 
the effects of LY367385 and LY367366 on striatal 
GAD activity (Fig. 5). 

3.3. Effect of LY367385 on ischemic neuronal death 

To establish whether LY367385 was protective 
against ischemic neuronal damage in vivo, we have 
injected the coumpound i.c.v. (100 nmol/2.5 ^1/5 rain; 
calculated to obtain a final brain concentration of 250 
gM) 30 min before a 5-min bilateral carotid artery 
occlusion in gerbils. In control gerbils, ischemia in- 
duced a substantial loss (95%) of pyramidal neurons in 
the CAl region of the hippocampus. In animals in- 
jected with LY367385 around 40% of CAl neurons 
were protected against ischemic degeneration (Fig. 6). 



4. Discussion 

Group-I mGlu receptors include mGlul (splice vari- 
ants: a-e, g) and mGlu5 (splice variants: a, b), which 
are coupled to polyphosphoinositide (PPI) hydrolysis 
(with the exception of mGlule) in heterologous ex- 
pression systems (Abe et al., 1992; Nakanishi, 1994; 
Pin and Duvoisin, 1995). At subcellular level, both 



mGlu la and -5 receptors are localized at the periphery 
of postsynaptic densities and, therefore, respond to 
concentrations of glutamate that are sufficiently high 
to spread away from the central region of the synapsis 
(Baude et al., 1993; Shigemoto et al., 1996). However, 
group-I mGlu receptor agonists are reported to am- 
plify glutamate release (Herrero et al., 1992), suggest- 
ing a possible presynaptic localization of either mGlul 
or mGlu5 receptors. A role for group-I mGlu recep- 
tors in neuronal degeneration has originally been in- 
ferred by the neurotoxic effect of the mixed agonist, 
1*S',37?-ACPD, locally infused into the rat hippocam- 
pus or caudate nucleus (McDonald and Schoepp, 
1992; Sacaan and Schoepp, 1992; McDonald et al., 
1993). 15,37?-ACPD is particularly effective in produc- 
ing neuronal death in newborn animals (McDonald -et 
al., 1993), which respond to mGlu receptor agonists 
with a substantial stimulation of PPI hydrolysis (Nico- 
letti et al., 1986). Hence, it has been suggested that 
stimulation of PPI hydrolysis is potentially neurotoxic 
as a result of either the release of intracellular Ca^"*" 
or the activation of protein kinase C (Schoepp and 
Conn, 1993). The subsequent discovery of more selec- 
tive group-I mGlu receptor agonists, such as DHPG 
or 3-hydroxyphenylglycine, has facilitated a closer ex- 
amination of the function of mGlul or -5 receptors. 
Activation of group-I mGlu receptors amplifies 
NMDA toxicity, as well as neurodegeneration induced 
by mild conditions of oxygen-glucose deprivation in 
cultured cortical cells (Bruno et al., 1995; Buisson and 
Choi, 1995). However, group-I mGlu receptor agonists 
are neuroprotective in cultured cerebellar granule cells, 
where they reduce the delayed increase of cytosolic 
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NMDA +T^S" 5 mTZr K," u"^ """^'""^ " n^presentative animal locally infused wi,h NMDA (A) or 

NMDA + LY367385 (B) Necrotic areas are .n black, whereas the grey shadow represents the surrounding oedema Microphotosraohs at the 
mjec .on sues of an.mals mfused with NMDA, NMDA + LY367385 and NMDA + LY367366 are shown in (C), D) and Nm 
that the size of the necroUc area ,s reduced in (E) and no macroscopic loss of tissue, but only oedema is presen in (D) '"^^"^''^ 
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Fig. 5. LY367385 or LY367366 prevent the reduction of GAD 
activity induced by monolateral infusion of NMDA into the left 
caudate nucleus. Results are expressed as per cent of the of the 
respective controlateral unlesioned site for each individual determina- 
tion. GAD activity was calculated as c.p.m. of authentic pH]GABA/ 
Jig pros. Means ±S.E.M. of GAD activity in the ipsilateral and 
controlateral sites from the various groups of animals (w - 4-6) were 
the following. Monolateral infusion of NMDA alone: controlateral 
site = 209 ±7; ipsilateral site = 125 ±16; infusion of NMDA + 
LY367385: controlateral site=170+n; ipsilateral site: 144 + 25; 
infusion of NMDA + LY367366: controlateral site= 192 + 17; ipsi- 
lateral site: 171 ± 15. ♦ P < 0.05 (One-way ANOVA + Fisher PLSD). 

free Ca^"*" resulting from a sustained activation of 
NMDA receptors (Pizzi et al., 1993). Thus, pharmaco- 
logical activation of group-I mGlu receptors may either 
amplify or attenuate neuronal degeneration depending 
on the cell type and/or the paradigm of toxicity. More 




+ 



LY367385 

Fig. 6. Neuroprotective activity of LY367385 infused i.c.v. 30 min 
before a 5-min bilateral carotid artery occlusion (BCAO) in gerbils. 
Histological results are expressed as means ± SEM of neurons/mm of 
hippocampal CAl region (three sections at - 1.5, - 1.7 and - 1.7 
mm distance from bregma) from four animals per group. 



recently, attention has been focused on how endoge- 
nous activation of group-I mGlu receptors affects the 
development of neuronal degeneration. Based on the 
assumption that perisynaptic mGlul or -5 receptors are 
recruited by the high levels of glutamate that are re- 
leased during ischemia, it has been predicted that 
group-1 mGlu receptor antagonists attenuate ischemic 
neuronal damage. Accordingly, in the gerbil model of 
transient global ischemia the mGlu la receptor antago- 
nist, AIDA, reduces the delayed degeneration of pyra- 
midal cells in the hippocampal CAl region (Cozzi et al., 
1997). We have confirmed these results with LY367385, 
which behaves as a potent and highly selective mGlu la 
receptor antagonist. LY367385 was also neuroprotec- 
tive against excitotoxic death induced by infusion of 
NMDA into the caudate nucleus, as well as against 
NMDA toxicity in cultured cortical cells. The latter 
effect is in agreement with the reported neuroprotection 
by AIDA, 4CPG or a-methyl-4-carboxyphenylglycine 
(a mixed group I/II mGlu receptor antagonist) in cul- 
tured cortical cells exposed to submaximal concentra- 
tions of NMDA (Strasser et al., 1997). A possible 
explanation for the protective effect of LY367385 
against NMDA toxicity is that activation of mGlu la 
receptors by the endogenously released glutamate plays 
a permissive role in the induction of excitotoxic death. 
The substantial neuroprotection observed at 100 nM 
LY367385 (as well as at 10-100 nM LY367366) was 
unexpected because both drugs antagonize group-I 
mGlu receptors with IC50 values > 1 ^M. It cannot be 
excluded that LY367385 displaces more efficiently 
DHPG or the endogenous glutamate from mGlul a 
receptors in cortical cells than quisqualate in het- 
erologous expression systems, and that, therefore, the 
real potency of LY367385 is underestimated. 

In CAl pyramidal cells, striatal GABAergic neurons 
and cultured cortical neurons, mGlu5 receptors predom- 
inate over mGlula receptors (Bruno et al., 1995; Pin and 
Duvoisin, 1995). To examine to what extent mGlii5 
receptors contributed to the development of excitotoxic 
death, we compared the activity of the mGlul selective 
antagonist LY367385 with that of LY367366, a comr 
pound which antagonizes both mGlula and -5 receptors 
in the low micromolar range. In cortical cultures, 
LY367366 was neuroprotective at low micromolar con- 
centrations, but appeared to be less efficacious than LY 
367385.. The protective activity of LY 367366 against 
striatal toxicity in vivo was less pronounced than that of 
LY 367385, at least when evaluated by histological 
examination. Although antagonism of group-II or -III 
mGlu receptors by high concentrations of LY367366 
might have counterbalanced its neuroprotective activity, 
these results indicate that inhibition of mGlula receptors 
(or perhaps other mGlul receptor splice variants) is 
sufficient to confer significant neuroprotection. How- 
ever, complete assessment of the relative contribu- 
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tions of the group I mGlu receptor subtypes to the 
development of excitotoxic death awaits the discovery 
of a specific mGlu5 antagonist, 

mGlula receptors stimulate PPI hydrolysis and in- 
hibit K"^ channels in heterologous expression systems 
. (Aramori and Nakanishi, 1992; Ikeda et al., 1995). Any 
of these transduction pathways may contribute to am- 
plify excitotoxic death, although native mGlula recep- 
tors are less efficiently coupled to PPI hydrolysis than 
mGlu5 receptors (Casabona et aL, 1997). The protec- 
tive activity of LY367385 in the gerbil model of global 
ischemia are difficult to explain, because CAl pyrami- 
dal cells apparently lack mGlula receptors. These re- 
ceptors, however, are expressed by a subset of 
GABAergic neurons in the CAl hippocampal region 
(Baude et al., 1993; Hampson et al., 1994), where 
application of group-I mGlu receptor agonists reduces 
transmission at inhibitory synapses (Desai and Conn, 
1991; Desai et al., 1994; Gereau IV and Conn, 1995)! 
Thus, LY367385 might facilitate GABA release (and 
therefore attenuate the excitotoxic degeneration of CAl 
pyramidal cells) by removing the inhibitory action of 
mGlula receptors at GABAergic nerve terminals. 
Whether this represents a general mechanism mediating 
the neuroprotective activity of mGlula receptor antag- 
onists remains to be established. 
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Abstract 

Excessive release of glutamate during ischemia leads to sustained neuronal damage. In this study we investigated the influence 
of metabotropic glutamate receptor (mGIuR) activation on neuronal recovery froni a hypoxic/hypoglycemic event in hippocampal 
slices from rats. The slices were transiently exposed to an oxygen- and glucose-free environment in an interface chamber and the 
synaptically evoked population spike in the CAl region was taken as a measure of neuronal viability. Under control conditions 
the population spike amplitude recovered to 41.4% of baseline value within i h after hypoxia/hypoglycemia. The specific mGluR 
group I agonist 3,5-dihydroxyphenylglycine (DHPG, 10 ^M) increased the recovery fate to 88.3% of baseline value when appUed 
from 20 min before until 10 min after the event. Similar recovery rates wiere obtained when DHPG was present only 10 or 20 min 
before hypoxia/hypoglycemia (89.3% and 79.3% of baseline value, respectively). However, when applied later, DHPG had no 
protective effect, Co-application of the protein kinase C (PKC) inhibitors staurosporine (100 nM) or chelerythrine (30 ^iM) 
prevented the protective effect of DHPG. Our data suggest that group I mGluR agonists are only protective when present prior 
to the onset of the hypoxic/hypoglycemic event and that the activation of PKC is a critical step of the protective mechanism. 
© 1999 Elsevier Science Ltd. All rights reserved. 

Keywords: 3,5-Dihydroxyphenylglycine; Hypoxia; Ischemia; Metabotropic glutamate receptors; Neuroprotection; Protein kinase C; Rat hippocam- 
pal slices 



1. Introduction 

The loss of high energy compounds (e.g. ATP, cre- 
atine phosphate) during hypoxia and ischemia results in 
a massive depolarization of the neuronal membrane 
and an excessive release of glutamate (Benveniste et al., 
1984; Mitani et al., 1991; Kara et al., 1993) which in 
turn activates ionotropic (iGluRs) and metabotropic 
(mOluRs) glutamate receptors and initiates a chain of 
intracellular events that eventually lead to sustained 
neuronal damage. 

The activation of iOluRs induces calcium overload 
and loss of cation homeostasis, crucial mechanisms 
leading to neuronal degeneration (Hartley et al., 1993; 
Urenjak and Obrenovitch, 1996). Many investigations 
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have shown that iOluR antagonists may protect neu- 
rons from such degeneration (Choi and Rothman, 
1990; Meldrum, 1992). 

The mOluRs, which are coupled to various effector 
systems via GTP-binding proteins (G-proteins), are also 
activated during hypoxia and ischemia, but little is 
known about their contribution to cell death. Based on 
their amino acid sequence homology, pharmacology 
and transduction mechanisms the eight mCluRs that 
are known to date can be divided into three main 
groups. The subtypes mOluRl and mGluR5 which 
couple primarily to phospholipase C (PLC) constitute 
group I, whereas the subtypes mGluR2-3 and mGluR4- 
6-7-8 which inhibit adenylyl cyclase constitute group II 
and group III, respectively (Nakanishi 1994; Pin and 
Duvoisin 1995). The application of mGluR agonists 
and antagonists in models of NMDA neurotoxicity and 
hypoxia/hypoglycemia has yielded conflicting results. 
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The activation of group I and group II mGluRs has 
been reported in different studies to either contribute 
to, or protect against, cell death (Koh et aL, 1991; 
Chiamulera et al., 1992; Sacaan and Schoepp! 1992; 
Birrell et al., 1993; Opitz and Reymann, 1993; Tizzano 
et ah, 1993; Buisson and Choi, 1995; Opitz et ah, 1995; 
Pizzi et al., 1996a). In addition, it has been shown that 
both the group I and group II mGluR agonist 1- 
aniinocyclopentane-l,3-dicarboxylic acid (ACPD) and 
the group I and group II mGluR antagonist ( + )-a- 
methyl-4-carboxyphenylgIycine (( + )-MCPG) reduce 
the extent of injury in the CAl region of the hippocam- 
pus in the same in vitro model of hypoxia/hypo- 
glycemia (Opitz et al., 1995). These apparent 
contradictions led us to hypothetize that distinct 
mGluR subtypes may be differentially involved in hy- 
poxic/ischemic cell death and that the timing of activa- 
tion of a specific mGluR subtype may influence 
recovery. The aim of this study was to evaluate the 
influence of group I mGluRs on neuronal recovery 
from hypoxia/hypoglycemia with the highly selective 
agonist 3,5-dihydroxyphenylglycine (DHPG) (Ito et aL, 
1992; Schoepp et aL, 1994). We investigated whether 
the timing of group I mGluR activation influences 
recovery and whether protein kinase C (PKQ is in- 
volved in the protective mechanism. 



2. Materials and methods 

27. Hippocampal slice preparation 

Seven to 8-week-old male Wistar rats (Institute 
breeding stock) were killed by a blow to the neck. After 
decapitation, the brain was quickly removed and placed 
into ice-cold Ringer solution with the following compo- 
sition (in mM): NaCl 124, KCl 4,9, MgSO^ 1.3, CaCl2 
2, KH2PO4 1.2, NaHCOj 25.6, D-glucose 10, bubbled 
to pH 7.4 with carbogen (95% ©2/5% CO2). Both 
hippocampi were isolated and transverse hippocampal 
slices (400 ^m) were prepared using a tissue chopper 
with a cooled stage. The slices were transferred to an 
interface type recording chamber, where they were al- 
lowed to recover for at least 1 h before the experiment 
started. The chamber was constantly perfused with 
Ringer solution at a rate of 1 ml/min. The surface of 
the slices was exposed to a moist carbogen atmosphere, 
which was exchanged at a rate of 20 1/h. The tempera- 
ture of the chamber was maintained at 34 + rc. 

2.2. Electrophysiological recordings 

Population spike (PS) responses were evoked by 
stimulation of the Schaffer collateral/commissural fibers 
with stainless steel electrodes in the stratum radiatum 
and recorded with glass microelectrodes (1-4 Mfl) in 



the stratum pyramidale of the CAl region. Test stimuli 
(biphasic constant voltage pulses, 0.1 ms per half wave) 
were adjusted to elicit a population spike of about 60% 
of its maximum amplitude. The PS amplitude was 
evaluated by calculating the voltage difference between 
the negative peak and the positive one preceding it. 
Since the amplitude of the PS correlates over a wide 
range with the number of firing neurons (Andersen et 
aL, 1971), the PS may serve as a measure of neuronal 
functional integrity. 

2.3. Induction of hypoxia j hypoglycemia 

Hypoxia/hypoglycemia was induced by changing the 
carbogen atmosphere of the chamber to a gas mixture 
containing 95% N2/5% COj in the presence of a Ringer 
solution in which glucose was replaced by mannitoL 
Evoked extracellular responses were recorded every 20 s 
during the hypoxic/hypoglycemic period in the 
hippocampal CAl region. After 4 min of hypoxia/hy- 
poglycemia normal oxygen and glucose supply was 
re-established. The recovery of field potentials was 
monitored every 5 or 15 min for at least 1 h (the 
responses of four test stimuli with a frequency of 0.2 Hz 
were averaged). 

2.4. Pharmacological tools 

In this study DHPG was employed as a highly 
specific agonist for group I mGluRs. DHPG activates 
mGluRl and mGluR5 and stimulates phosphatidyli- 
nositol-4,5-bisphosphate (PtdInsP2) hydrolysis, but it 
does not inhibit the forskolin-stimulated cAMP forma- 
tion and has no direct effect on ionotropic glutamate 
receptors (Ito et aL, 1992; Schoepp et aL, 1994; Gereau 
IV and Conn, 1995). We used (-h)-MCPG to antago- 
nize effects of DHPG. However, ( + )-MCPG is not 
solely a competitive antagonist for group I mGluRs but 
is also an antagonist for group II mGluRs (Hayashi'et 
aL, 1994). The PKC inhibitors staurosporine and chel- 
erythrine were applied in order to assess whether ' 
DHPG effects resulted from the activation of PKC. 
Staurosporine is the most potent inhibitor of PKC. 
However, it inhibits other protein kinases, including 
cAMP-dependent protein kinase (PKA), as well 
(Tamaoki 1991; Hidaka and Kobayashi 1992). Chelery- 
thrine on the contrary is highly specific for PKC with 
only a marginal effect at high concentrations on PKA, 
but is less potent than staurosporine (Herbert et aL, 
1990). The effect of PKC activation on PS recovery was 
examined using 12-0-tetradecanoylphorbol-13-acetate 
(TPA) as PKC activator. All substances were bath 
applied during the intervals stated in the respective 
figure legends. DHPG and ( + )-MCPG were obtained 
from Tocris Neuramin (Bristol, UK), staurosporine and 
TPA were purchased from Sigma (Deisenhofen, Ger- 
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Fig. 1. DHPG protects hippocampal neurons against hypoxic/hypoglycemic injury. Left side, 10 ^iM DHPG = significantly improved PS 
recovery when present 20 min before until 10 min after the hypoxic/hypoglycemic event whereas 1 DHPG (□, « = 6) afTecled PS recovery 
only marginally. ♦ Significant protection {P < 0.05, Mann-Whitney t/-Test). no drug (n = j 1). Right side, DHPG (10 \iM) was neuroprotective 
when present 20 min before until 10 min after the hypoxic/hypoglycemic event (n = 7, 0.05), when applied for 20 min until immediately before 
hypoxia/hypoglycemia (DHPG 20-0; n = 7, P:^0,Q]) or when given for 10 min and washed out 1 min before the onset of hypoxia/hypoglycemia 
(DHPG 10-1; n = 9, P^O.Ol). DHPG did not improve PS recovery when given for 10 min and washed out 2 min before the onset of 
hypoxia/hypoglycemia (DHPG 10-2; « = 7) or when washed in immediately before and washed out 10 min after hypoxia/hypoglycemia (DHPG 
O-IO; n = 6). Control: no drug (/i-52). ♦Significant protection (♦P^O.OS, **/'^0.01, Mann- Whitney C/-Test). 



many) and chelerythrine from Biomol (Hamburg, 
Germany). 



3. Statistics 

All values are given as mean±SEM. The Mann- 
Whitney U'ttst was used to compare the field potential 
recovery between two groups of differentially treated 
slices (i.e. control vs. drug treatment). 



4. Results 

4.7. Activation of group I mGluRs protects neurons 
from hypoxic /hypoglycemic injury 

In our model the interruption of the oxygen- and 
glucose supply resulted in a complete loss of the evoked 
electrophysiological response 1 -2 min after the onset of 
hypoxia/hypoglycemia. When the oxygen and glucose 
supply was re-established after 4 min the PS amplitude 
in untreated control slices recovered to 41.4 ±2.8% 
{n = 52) of baseline value within 1 h (Fig. 1). No further 
improvement of recovery was observed during the next 
hour (Fig. 2). This indicates that the hypoxic/hypo- 
glycemic event was sufficient to cause sustained damage 
to CAl neurons. 

In order to assess the role of group I mGluRs in 
hypoxia/hypoglycemia we applied the specific agonist 
DHPG at different concentrations. When bath applied 
20 min before hypoxia/hypoglycemia and washed out 
10 min after the oxygen and glucose supply was re-es- 



tablished, 10 DHPG significantly improved the 
recovery of the PS amplitude to 88.3% of baseline value 
(Figs. 1 and 2), whereas 1 \iM DHPG had no effect. 
DHPG (10 |iM) did not alter the baseline PS amplitude 
during 80 min of application (101.5% of pre-DHPG 
value) in control experiments. In addition, the PS of 
DHPG-treated slices disappeared at approximately the 
same time after the onset of hypoxia/hypoglycemia as 
in untreated control slices (after about 100 s, n = 6), 
implying that DHPG does not affect the onset of 
anoxic depolarization of the neuronal membranes. 

4.2. The neuroprotection by group I mGluRs depends 
on the timing of activation 

Recently we reported that both the group I and 
group II.mGluR agonist ACPD and the group I and 
group II mGluR antagonist (-h)-MCPG reduced the 
extent of injury in our in vitro model of hypoxia/hypor 
glycemia, whereas the co-application of both substances 
abolished the protective effects (Opitz et al., 1995). 
These apparently conflicting results led us to hypo- 
thetize that the timing of activation of the mGIuR 
subtypes may determine their effect on recovery after a 
hypoxic/hypoglycemic event. Thus, in another set of 
experiments we investigated when DHPG had to be 
present to exert a protective effect. DHPG (10 [xM) was 
protective when present from 20 min before until 10 
min after hypoxia/hypoglycemia, but had no protective 
effect when applied only immediately before the onset 
of hypoxia/hypoglycemia and washed out 10 min there- 
after (Fig. 1). However, when DHPG was present 20 
min before until the onset of hypoxia/hypoglycemia it 
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enhanced the PS recovery to about 79% of the baseline 
value (Fig. 1). The PS amplitude recovered to a similar 
extent (to about 89%, Fig. 1) when DHPG was applied 
only for 10 min and washed out 1 min before the 
hypoxic/hypoglycemic event. These data indicate that 
group I mGluRs promote neuroprotection only when 
activated prior to the onset of the hypoxic/hypo- 
glycemic insult. When DHPG was given for 10 min and 
was withdrawn 2 min before the insult, the PS ampli- 
tude recovered to only about 54.6% of the baseline 
values (Fig. 1), which is similar to the value reached by 
untreated control slices. This suggests that the group I 
mGluR agonists must be applied until shortly before 
the hypoxic/hypoglycemic incident in' order to exert a 
neuroprotective effect. 



4,3. Effect of MCPG on neuroprotection by DHPG 

In order to establish whether DHPG exerts its pro- 
tective effect by activating mGluRs, we employed a 
mGluR antagonist. Since highly selective group I 
mGluR antagonists were not available at the time the 
experiments were performed we tested whether the 
group Land group II mGIuR antagonist (-f )-MCPG 
would diminish the protective effect of DHPG. Indeed, 
when ( + )-MCPG (500 ^iM) and DHPG (10 ^M) were 
co-applied the PS amplitude only recovered to about 
57% of baseline value (Fig. 2). This was not signifi- 
cantly different from the value reached by untreated 
control slices and corroborated the hypothesis that 
DHPG exerted its neuroprotective effect by activation 



of group I mGluRs. However, in the above experiments 
both DHPG and ( + )-MCPG were present from 20 
min before to 10 min after the hypoxic/hypoglycemic 
incident. In a previous study (Opitz et al., 1994) we 
established a protective effect of ( + )-MCPG itself 
when applied during hypoxia/hypoglycemia, a result 
that we were able to confirm in the present investiga- 
tion (data not shown); and DHPG protects neurons 
only when present before the insult. To examine if both 
effects are independent from each other we applied 
DHPG and (-h)-MCPG successively. When DHPG 
was present for 10 min and washed out 1 min before 
the hypoxic/hypoglycemic event and MCPG was ap- 
plied only immediately before the onset of hypoxia/hy- 
poglycemia and washed out 10 min after the incident 
the neuroprotective effect of DHPG prevailed (Fig. 2). 

4,4, Influence of protein kinase inhibitors on 
neuroprotection by DHPG 

Group I mGIuRs couple to G-proteins which activate 
PLC (Pin and Duvoisin 1995). This enzyme catalyses the 
hydrolysis of phosphatidylinosito]-4,5-bisphosphate to 
generate diacylglycerol (DAG) and inositol- 1,4,5- 
trisphosphate (InsP3), leading to the activation of PKC 
and to the mobilization of intracellular calcium (Rhee 
and Choi 1992). However, besides activating PLC G- 
proteins can regulate ion channels in a phosphorylation- 
independent fashion (Nicoll, 1988; Lester and Jahr, 1990; 
Yu et al., 1997), which also might result in neuroprotec- 
tion. In order to elucidate whether the protective 
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Fig. 3. Protein kinase inhibitors do not affect PS recovery after 
hypoxia/hypoglycemia. Neither staurosporine, given for 20 min and 
washed out 1 min before the onset of hypoxia/hypoglycemia (□, 
« = 1 1), nor chelerythrine (O, 30 nM, /i = 7), present 20 min before 
until 10 min after the insult, significantly influenced the recovery of 
the PS amplitude 60 min after the event. no drug (n » 35). 

effect of DHPG (10 ^iM) was phosphorylation-depen- 
dent we co-applied the relatively non-selective protein 
kinase inhibitor staurosporine (100 nM). Staurosporine 
did not alter baseline PS amplitude during 20 min of 
appHcation (97.3% of baseline value, n-\2) but it 
slightly decreased the PS recovery 1 h after hypoxia/hy- 
poglycemia to 31.4 + 6.2% of baseline value (Fig. 3). 
When staurosporine and DHPG were co-applied the PS 
amplitude reached only 39.9 ±7.1% of baseline value 
(« = 7) 1 h after the insult, a value not significantly 
different from that of control slices (Fig. 4). This im- 
plies that protein kinase activation is indispensably 
involved in the protective mechanism triggered by 
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Fig. 4. EfTect of protein kinase inhibitors on neuroprotection by 
DHPG. The protective effect of 10 \iU DHPG applied from 10 min 
before until 1 min before the onset of hypoxia/hypoglycemia 
71 = 9) was abolished by co-application of 100 nM staurosporine (□, 
n^S P< 0.001) and 30 \M chelerythrine (O, w = 7; /* ^ 0.01). Both 
drugs were given for 20 min and were washed out 1 min before the 
onset of hypoxia/hypoglycemia. no drug (« = 25). • Significantly 
different from control (Mann -Whitney C/-Test). 
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Fig. 5. Application of phorbol ester is not neuroprotective. The 
phorbol ester TPA (1 nM, □, w = 6) did not improve the recovery of 
the PS amplitude. TPA was applied for 10 min until 1 min before the 
onset of hypoxia/hypoglycemia. No drug (n = 15). 

group I mGluRs. Since DAG production and calcium 

mobilization rendered PKC the most likely candidate to 
be involved in the protective mechanism we examined 
whether the highly specific PKC inhibitor chelerythrine 
was able to block the protective effect of DHPG. 
Chelerythrine (30 |iM) did not significantly affect PS 
recovery when applied from 20 min before to 10 min 
after the hypoxic/hypoglycemic event (Fig. 3). When 
chelerythrine and DHPG were co-applied the recovery 
1 h after the insult was comparable to that of untreated 
control slices (Fig. 4). It reached only 54.7% of the 
prehypoxic/hypoglycemic values and indicates, that the 
activation of PKC is a critical step of the protective 
mechanism triggered by group I mGluRs. In order to 
find out whether the activation of PKC alone is suffi- 
cient to elicit neuroprotection we added the phorbol 
ester TPA (1 ^M) which was shown to activate PKC in 
hippocampal slices (Genazzani et al., 1994). However, 
the application of TPA did not increase recovery of the 
PS amplitude (Fig. 5). 



5. Discussion 

In previous studies (Opitz and Reymann, 1993; Opitz 
et al., 1995) we have shown that ACPD and trans-azc- 
tidine-2,4-dicarboxylic acid (/-ADA) are able to protect 
CAl neurons in rat hippocampal slices from hypoxic/ 
hypoglycemic injury. However, uncertainty remained 
about the mGluR subtypes involved in the protective 
mechanism, because both drugs might have activated 
multiple groups of mGluRs simultaneously. Besides 
activating both group I and group II mGluRs, ACPD 
has also been found to stimulate phospholipase D in 
hippocampal slices, presumably via a novel, as yet 
unidentified mGIuR subtype (Boss and Conn, 1992; 
Holler et al., 1993; Pellegrini-Giampietro et al., 1996). 
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Similarly, although many reports suggest that /-ADA is 
a selective group I mGluR agonist (Favaron et al., 
1993; Kozikowski et ah, 1993; Bruno et al., 1995b-' 
Manahan-Vaughan et a]., 1996), it has been reported to 
activate human mGluR2 expressed in Xenopus oocytes 
. (Knopfel et al., 1995). Thus, in the present study, we 
addressed the question of whether the activation of 
group I mGluRs suffices to afford neuroprotection in 
hippocampal slices subjected to hypoxia/hypoglycemia, 
utilizing the specific group I mOluR agonist DHPG. It 
has been shown in a number of expression systems that 
this drug activates group I mGluRs, but unhke ACPD 
or r-ADA, does not affect group II mGIuRs and does 
not stimulate phospholipase D (Ito et al., 1992- 
Schoepp et aL, 1994; Brabet et al., 1995; Gereau IV and 
Conn, 1995; Pellegrini-Giampietro et al., 1996; Seki- 
yama et al., 1996). Therefore, we attribute the protec- 
tive effects of DHPG demonstrated in this study to its 
ability to activate group I mGluRs. 

When co-applied with DHPG, the competitive 
mGIuR antagonist ( + )-MCPG was able to abolish the 
protective effect of DHPG. However, in our model of 
hypoxia/hypoglycemia, (H-).MCPG has been found to 
be neuroprotective itself when applied alone (Opitz et 
al., 1994). This produces the contradictory situation 
that both an agonist and an antagonist exhibit the same 
effect. Since we still observed neuroprotection when 
( + )-MCPG was applied after DHPG, the conflicting 
results may best be explained by assuming that antago- 
nist and agonist act in different time windows. Alterna- 
tively, a yet unknown mGluR subtype might also be 
involved in the protective mechanism. In line with this 
interpretation, it has been observed that (-h)-MCPG is 
an agonist and DHPG is an antagonist of an uniden- 
tified mGIuR subtype coupled to phospholipase D (Pel- 
legrini-Giampietro et al., 1996). 

Our data suggest that the activation of group I 
mGluRs is sufficient to rescue hippocampal neurons 
from hypoxic/hypoglycemic damage. It is likely that 
neuronal injury in our model is mainly due to excessive 
Ca2+ influx through NMDA receptor channels. Thus 
reduction of Ca^^ entry through NMDA receptor 
channels may be one of the neuroprotective mecha- 
nisms of group I mGluR activation. This interpretation 
IS in line with a number of reports showing that group 
I mGluR agonists protect cultured neurons and 
hippocampal slices from NMDA and glutamate excito- 
toxicity (Koh et al„ 1991; Birrell et al., 1993; Pizzi et 
al., 1996a,b; Montoliu et al., 1997), downregulate 
NMDA receptor channels (Yu et al., 1997) and reduce 
NMDA receptor mediated Ca^^ influx (Pizzi et al., 
1996b). It was, however, shown by several groups 
(Aniksztein et aL, 1992; Fitzjohn et al„ 1996; Pisani et 
al., 1997) that the activation of group I mGluRs can 
reversibly enhance NMDA responses which in turn 
might have an aggravating effect during hypoxia/hypo- 



glycemia. Our results indicate that group I mGiuR 
agonists are protective only when apphed before an 
insult and therefore also before ischemic glutamate 
release. If there is a potentiating effect of DHPG on 
NMDA responses, which we could not detect in our 
experiments (Opitz et al., 1995), it might be reversed by 
the time of ischemic NMDA receptor activation. 

The neuroprotective effect of (H-)-MCPG in our 
studies contrasts other findings that activation, not 
inhibition, of group II mGluRs prevents neurodegener- 
ation induced by glutamate, NMDA (Bruno et al 
1995a; Buisson et aL, 1996; Pizzi et aL, 1996a) or 
hypoxia/hypoglycemia (Buisson and Choi, 1995) in 
neuronal and organotypic cultures. This discrepancy 
can not be readily explained. It is difficult to compare 
results from acutely isolated hippocampal slices with 
those from neuronal cultures because mGluR expres- 
sion, mGluR responses and subsequent signalling cas- 
cades in neuronal cultures may depend on the origin of 
the neurons and the state of maturation of the cultures 
(Aronica et aL, 1993; Blanc et al., 1995; Pizzi et aL, 
1996b). However, recent evidence indicates that group I 
and group II mGluRs may both act on the same 
protective mechanism (Pizzi et aL, 1996b) in a time 
window that appears to be different from the neuropro- 
tective window of ( -f )-MCPG. In that study, the atten- 
uation of glutamate induced (Ca^-^)^ rise by ACPD was 
fully mimicked by a group I and partially by a group II 
mGluR agonist. Group II mGluR agonists have also 
been shown to mediate neuroprotection by a pathway 
that involves interaction between neurons and astro- 
cytes (Bruno et aL, 1997). Since this pathway requires 
new protein synthesis, it may be important in neuronal 
cultures but less likely affect acute recovery of synaptic 
transmission in hippocampal slices. 

Further contrasting our results, intracerebral injec- 
tions of ACPD (Sacaan and Schoepp, 1992- Tizzano et 
aL, 1993) or DHPG (Tizzano et aL, 1995) have been 
reported to induce limbic seizures and the loss of 
hippocampal CAl neurons (Sacaan and Schoepp, 1992; 
Tizzano et al., 1993) in rodents in vivo. However, these ' 
seizures might have been initiated by higher concentra- 
tions of the drugs since DHPG did not induce epilepti- 
formic activity in our slices. Conversely, ACPD has 
been reported to reduce infarct volume following mid- 
dle cerebral artery occlusion in mice when administered 
systemically (Chiamulera et aL, 1992). 

Group I mGluRs stimulate PLC, which generates ' 
InsPa, which releases intracellulariy stored Ca^^, and 
DAG, both of which can activate PKC. Thus we 
considered PKC to be a likely candidate for involve- 
ment in this protective mechanism. The observation 
that both the highly potent PKC inhibitor stau- 
rosponne and the highly selective inhibitor chelery- 
thrine were able to attenuate DHPG-mediated 
neuroprotection corroborates our hypothesis. These ^ 
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findings are in agreement with other studies suggesting 
that PKC activation can promote neuronal survival 
(Koh et al., 1991; Pizzi et al., 1996b; Durkin et al., 
1997). 

Perhaps most interestingly, DHPG exerted its neuro- 
protective effect only when present before, but not 
during, a hypoxic/hypoglycemic insult. The very dra- 
matic difference between withdrawing DHPG, 2 and 1 
min before the insult is most surprising, showing that 
the protective mechanism can be readily and rapidly 
switched off. Since it seems unlikely that PKC inactiva- 
tion would occur in that short an interval, our data 
suggest that mOluR occupancy plus PKC activation 
may be needed to provide neuroprotection. Consistent 
with this hypothesis, PKC activation alone by TPA did 
not result in neuroprotection. However, failure of TPA 
to induce protection may also be related to the age of 
the animal since phorbol esters have been reported to 
be sufficient to elicit neuroprotection in slices from 
younger rats (Pizzi et al., 1996b; Small et al., 1996). 

In summary, our study demonstrates that the selec- 
tive activation of group I mGluRs by DHPG is suffi- 
cient to protect CAl neurons in rat hippocampal slices 
from hypoxic/hypoglycemia-induced loss of synaptic 
transmission. In order to exert neuroprotection, group I 
mGluRs must be activated immediately before or right 
at the onset of the hypoxic/hypoglycemic event. The 
protective mechanism involved depends on both activa- 
tion of PKC and occupancy of either mGluR or an- 
other DHPG-sensitive receptor. 



Acknowledgements 

The authors wish to thank Sabine Hartmann and 
Heidi Herold for expert technical assistance. This re- 
search was supported by the German Ministry for 
Science and Technology (BMBF) grant BEO 21- 
0319998B and a BIOMED 2 grant (PL95-0228). 



References 

Andersen, P., Bliss, T.V.P., Skrede, K.K.. 1971. Unit analysis of 
hippocampal population spikes. Experimental Brain Research 13, 
208-221. 

Aniksztein, L., Olani, S., Ben-Ari, Y., 1992. Quisqualate metabo- 
tropic glutamate receptors modulate NMDA currents and facili- 
tate induction of long-term potentiation through protein kinase C. 
European Journal of Neuroscience 4, 500-505. 

Aronica, E., Dell'Albani, P., Condorelli, D.F,, Nicoletli, F., Hack, 
N., Balazs, R., 1993. Mechanisms underlying developmental 
changes in the expression of metabotropic glutamate receptors in 
cultured cerebellar granule cells: homologous desensitization and 
interactive effects involving A^-methyl-D-aspartate receptors. 
Molecular Pharmacology 44, 981-989. 

Benveniste, H., Drejer, J.. Schousboe, A., Diemer, N.H., 1984. Eleva- 
tion of the extracellular concentrations of glutamate and aspartate 



in rat hippocampus during transient cerebral ischemia monitored 
by intracerebral microdialysis. Journal of Neurochemistry 43, 
1369-1374. 

Birrell, G.J., Gordon, M.P., Marcoux, F.W., 1993. (15,3i?)-l- 
aminocyclopentane-],3-dicarboxylic acid attenuates A^-methyl-o- 
aspartate-induced neuronal cell death in cortical cultures via a 
reduction in delayed Ca^*** accumulation. Neuropharmacology 
32, 1351-1358. 

Blanc, E., Vignes, M., Recasens, M., 1995. Protein kinase C differ- 
ently regulates quisqualate- and \S,3R'trans aminocyclopentane 
dicarboxylate-induced phosphoinositide hydrolysis during in vitro 
development of hippocampal neurons. Neurochemistry Interna- 
tional 26, 623 - 633. 

Boss, V,K., Conn, P.J., 1992. Metabotropic excitatory amino acid 
receptor activation stimulates phospholipase D in hippocampal 
slices. Journal of Neurochemistry 59, 2340-2343. 

Brabet, I., Mary, S., Bockaert. J., Pin, J.-P., 1995. Phenylglycine 
derivatives discriminate, between mCluRi- and mOluRj-mediated 
responses. Neuropharmacology 34, 895-903. 

Bruno, V., Battaglia, G., Copani, A., Giffard, R.G., Raciti, G., 
Raffaele, R., Shinozaki, H., Nicoletli, F., 1995a. Activation of 
class U and class III metabotropic glutamate receptors protects 
cultured cortical neurons against excitotoxic degeneration. Eu- 
ropean Journal of Neuroscience 7, 1906-1913. 

Bruno, V., Copani, A., Knopfel, T., Kuhn, R., Casabona, G., Del- 
l'Albani, P., Condorelli, D.F., Nicoletti, F., 1995b. Activation of 
metabotropic glutamate receptors coupled to inositol phospho- 
lipid hydrolysis ampliiies NMDA-induced neuronal degeneration 
in cultured cortical cells. Neuropharmacology 34, 1089-1098. 

Bruno, V., Sureda, F.X., Storto, M., Casabona, G., Caruso, A., 
Knopfel, T., Kuhn, R., Nicoletti, F., 1997. The neuroprotective 
activity of group-II metabotropic glutamate receptors requires 
new protein synthesis and involves a glial-neuronal signaling. 
Journal of Neuroscience 17, 1891-1897. 

Buisson, A., Yu, S.P., Choi, D.W., 1996. DCG-IV selectively attenu- 
ates rapidly triggered NMDA-induced neurotoxicity in cortical 
neurons. European Journal of Neuroscience 8, 138-143. 

Buisson, A., Choi, D.W., 1995. The inhibitory mGluR agonist, 
s-4-carboxy-3-hydroxyphenyglycine selectively attenuates NMDA 
neurotoxicity and oxygen-glucose depriviation induced neuronal 
death. Neuropharmacology 34, 1081-1087. 

Chiamulera, C, Albertini, P., Valerio, E., Reggiani, A,, 1992. Activa- 
tion of metabotropic receptors has a neuroprotective effect in a 
rodent model of focal ischaemia. European Journal of Pharmacol- 
ogy 216, 335-336. 

Choi, D.W., Rothman, S.M., 1990. The role of glutamate neurotoxi- 
city in hypoxic-ischemic neuronal death. Annual Review of Neu- 
roscience 13, 171-182. 

Durkin, J. P., Tremblay, R., Chakravarthy, B., Mealing, G., Morley, 
P., Small, D., Song, D., 1997. Evidence that the early loss of 
membrane protein kinase C is a necessary step in the excitatory 
amino acid-induced death of primary cortical neurons. Journal of 
Neurochemistry 68, I400-14I2. 

Favaron, M., Manev, R.M., Candeo, P., Arban, R., Gabellini, N., 
Kozikowski, A.P., Manev, H., 1993. 7>fiW5-azetidine-2,4-dicar- 
boxylic acid activates neuronal metabotropic glutamate receptors. 
NeuroReport 4, 967-970. 

Fitzjohn, S.M., Irving, A.J., Palmer, M.J., Lodge, D., Collingridge, 
G.L., 1996. Activation of group I mGluRs potentiates NMDA 
response in rat hippocampal slices. Neuroscience Letters 203, 
211-213. 

Genazzani, A.A., L'Episcopo, M.R., Casabona, G., Shinozaki, H., 
Nicoletti, F., 1994. (25,r/?,2'/?,3'72)-2-(2,3-dicarboxycyclopropyl) 
glycine positively modulates metabotropic glutamate receptors 
coupled to polyphosphoinositide hydrolysis in rat hippocampal 
slices. Brain Research 659, 10-16. 

Gereau IV, R.W., Conn, P.J., 1995. Roles of specific metabotropic 
glutamate receptor subtypes in regulation of hippocampal CAl 



216 



U.H. Schroder et aL /Neuropharmacology 38 (1999) 209-216 



pyramidal cell exdiability. Journal of Neurophysiology 74, 122- 

Hara, H., Sukamoto. T.. Kogure. K., 1993. Mechanisms and pathogen- 
esis of ischemia-induced neuronal damage. Progress in Neurobiol- 
ogy 40, 645 -670. 

HarUey, D.M., Klurth, M.C, Bjerkness, L., Weiss, J.H., Choi, D.W., 
1993. Gluiamate-receptor induced ^^Ca^ + accumulation in cortical 
cell culture correlates with subsequent neuronal degeneration. 
Journal of Neuroscience 13, 1993-2000. 

Hayashi, Y., Sekiyama, N., Nakanishi, S., Jane, D.E., Sunter, D.C., 
Birse, E.F., Udvarhelyi, P.M., Watkins, J.C., 1994. Analysis of 
agonist and antagonist activities of phenylglycine derivatives for 
different cloned metaboiropic glutamate receptor subtypes. Journal 
of Neuroscience 14, 3370-3377. 

Herbert, J.M., Augereau, J.M., Gleye, J., Maffrand, J.P., 1990. 
Chelerythrine is a potent.and specific inhibitor of protein kinase C. 
Biochemical and Biophysical Research Communications 172, 993- 
999. 

Hidaka, H., Kobayashi, R., 1992. Pharmacology of protein kinase 
inhibitors. Annual Review of Pharmacology and Toxicology 32 
377-397. * 

Holler, T.E., Cappel, E., Klein, J., Loffelholz, K., 1993. Glutamate 
activates phospholipase D in hippocampal slices of newborn and 
adult rats. Journal of Neurochemistry 61, 1569-1572, 

Ito, I„ Kohda, A., Tanabe, S., Hirose, E., Hayashi, M., Mitsunaga 
S., Sugiyama, H„ 1992. 3,5-dihydroxyphenyglycine: a potent ago- 
nist of metabotropic glutamate receptors, NeuroReport 3, 1013- 
1016, 

Knopfel, T,, Sakaki, J., Flor, P., Baumann, P., Sacaan, A.I., Velicebeli, 
G., Kuhn, R., Allgeier, H., 1995. Profiling of /rfl«j-azetidine-2,4-di- 
carboxylic acid at the human metabotropic glutamate receptors 
hmGIuRlb, 2, 4a, and 5a. European Journal of Pharmacology 288 
389-392. 

Koh, J., Palmer, E., Cotman, C.W., 1991. Activation of the metabo- 
tropic glutamate receptor attenuates A^-methyl-D-aspartate neuro- 
toxicity in cortical cultures. Proceedings of the National Academy 
of Sciences of the United States of America 88, 9431-9435. 

Kozikowski. A.P., Tuckmantel, W., Reynolds, LJ., Wroblewski, J.T., 
1993. Synthesis and bioactivity of a new class of rigid glutamate 

• analogues. Modulators of the A^-methyl-o-aspartate receptor. Jour- 
nal of Medical Chemistry 33, 1561-1571. 
Lester, R.A.J., Jahr, C.E., 1990. Quisqualate receptor-mediated depres- 
sion of calcium currents in hippocampal neurons. Neuron 4 
741-749. 

Manahan-Vaughan, D., Reiser, M., Pin, J.-P., Wilsch, V., Bockaert 
J., Reymann, K,G., Riedel, G., 1996. Physiological and pharmaco- 
logical profile of /ranj-azetidine-2,4-dicarboxylic acid: metabo- 
tropic glutamate receptor agonism and effects on long-term 
potentiation. Neuroscience 72, 999-1008. 

Meldrum, B., 1992. Protection against ischemic brain damage by 
excitatory amino acid antagonists. In: Bazan, N.G., Braquet, P., 
Ginsberg, M.D. (Eds.), Advances in Neurochemistry 7. Plenum 
Press, New York, pp. 245-263. 

Mitani, A., Kadoya, R, Nakamura, Y., Kataoka, K., 1991. Visualiza- 
tion of hypoxia-induced glutamate release in gerbil hippocampal 
slice. Neuroscience Letters 122, 167-170. 

Montoliu, C, Llansola, M., Cucarella, C, Grisolia, S., Felipo, V., 1997. 
Activation of the metabotropic glutamate receptor mGluRS pre- 
vents glutamate toxicity in primary cultures of cerebellar neurons. 
Journal of Pharmacology and Experimental Therapeutics 281 
643-647. 

Nakanishi, S., 1994. Metabotropic glutamate receptors: synaptic trans- 
mission, modulation and plasticity. Neuron 13, 1031-1037. 

Nicoll, R.A,, 1988. The coupling of neurotransmitter receptors to ion 
channels in the brain. Science 240, 545-551. 

Opitz, T., Richter, P., Reymann, K.G., 1994. The metabotropic 
glutamate receptor antagonist ( + )-a-methyl-4-carboxyphenyl- 



glycine protects hippocampal CAl neurons of the rat from in vitro 
hypoxia/hypoglycemia. Neuropharmacology 33, 715-717. 
Opitz, T., Richter, P., Carter, A.J., Kozikowski, A.'p,, Shinozaki, H., 
Reymann, K.G., 1995. Metabotropic glutamate receptor subtypes 
difTerentially influence neuronal recovery from in vitro hypoxia/hy- 
poglycemia in rat hippocampal slices. Neuroscience 68, 989-1001 
Opitz, T., Reymann, K.G., ;1993. (IS, 3/2)-ACPD protei^ts synaptic 
transmission from hypowa in hippocampal slices. Neuropharma- 
cology 32, 103-104. 
Pellegrini-Giampietro, D.E., Torregrossa, S.A., Moroni, F., 1996. 
Pharmacological characterization of metabotropic glutamate recep- 
tors coupled to phospholipase D in the rat hippocampus. British 
Journal of Pharmacology 118, 1035-1043. 
Pin, J.-P., Duvoisin, R., 1995. The metabotropic glutamate receptors: 

structure and function. Neuropharmacology 34, 1 -26. 
Pisani, A., Calabresi, P., Centonze, D., Bemardi, G., 1997. Enhance- 
ment of NMDA responses by group I metabotropic glutamate 
receptor activation in striatal neurons. British Journal of Pharma- 
cology 120, 1007-1014. 
Pizzi, M., Consolandi, O., Memo, M., Spano, P., 1996a. Activation of 
multiple metabotropic glutamate receptor subtypes prevents 
NMDA-induced excitotoxicity in rat hippocampal slices. European 
Journal of Neuroscience 8, 1516-1521. 
Pizzi, M., Galli, P., Consolandi, O., Arrighi, V., Memo, M., Spano, 
P.F., 1996b. Metabotropic and ionotropic transducers of glutamate 
signal inversely control cytoplasmic Ca^^ concentration and exci- 
totoxicity in cultured cerebellar granule cells: pivotal role of protein 
kinase C. Molecular Pharmacology 49, 586-594. 
Rhee, S.G., Choi, K.D., 1992. Regulation of inositol phospholipid-spe- 
cific phospholipase C isozymes. Journal of Biological Chemistrv 
267, 12393-12396. 
Sacaan, A.L, Schoepp, D.D., 1992. Activation of hippocampal metabo- 
tropic excitatory amino acid receptors leads to seizures and neu- 
ronal damage. Neuroscience Letters 139, 77-82. 
Schoepp, D.D., Goldsworthy, J., Johnson, B.G., SalhofT, C.R., Baker, 
S.R., 1994. 3,5-Dihydroxyphenylglycine is a highly selective'agonist 
for phosphoinositide-linked metabotropic glutamate receptors in 
rat hippocampus. Journal of Neurochemistry 63, 769-772. 
Sekiyama, N., Hayashi, Y., Nakanishi, S., Jane, D,E., Tse. H.W.^ Birse, 
E.F., Watkins, J.C., 1996. Structure-activity relationships of new 
agonists and antagonists of different metabotropic glutamate 
r^Jtor subtypes. British Journal of Pharmacology 117, 1493- 

Small, D.L., Monettc, R., Chakravarthy, B., Durkin, J., Barbe, G., 
Mealing, G., Morley, P., Buchan, A.M., 1996. Mechanisms of 
15,3i?-ACPD-induced neuroprotection in rat hippocampal slices 
subjected to oxygen and glucose deprivation. Neuropharmacoloev 
35, 1037-1048. 

Tamaoki, T., 1991, Use and specificity of staurosporine, UCN-01, and 
calphostin C as protein kinase inhibitors. Methods in Enzymolocv 
201, 340-347. • 
Tizzano, J,P., Griffey, K.I., Johnson, J.A., Fix, A.S., Helton, DR 
Schoepp, D.D., 1993. Intracerebral 15, 3iJ-l-aminocyclopentane- 
1,3-dicarboxylic acid (15,37? -ACPD) produces limbic seizures that 
are not blocked by ionotropic glutamate receptor antagonists. 
Neuroscience Letters 162, 12-16. 
Tizzano, J.P., Griffey, K.I., Schoepp, D.D., 1995. Induction or ' 
protection of limbic seizures in mice by mGluR subtype selective 
agonists. Neuropharmacology 34, 1063-1067. 
Urenjak, J., Obrenovitch, T.P., 1996. Pharmacological modulation of 
voltage-gated Na*^ channels: a rational and effective strategy 
against ischemic brain damage. Pharmacological Reviews 48 
21-67. 

Yu, S.P., Sensi, S.L., Canzoniero, L.M., Buisson, A., Choi, D.W., 1997. 
Membrane-delimited modulation of NMDA currents by metabo^ 
tropic glutamate receptor subtypes 1/5 in cultured mouse cortical 
neurons. Journal of Physiology (London) 499, 721-732. 



EXHIBIT C 




NEURO 

PHAR2V1AC01X>GY 



Pergamon Neuropharmacology 40 (2001) 1-9 ' 

www.elsevier.coni/locate/neurophann 

Metabotropic glutamate receptor subtype 5 (mGlu5) and 

nociceptive function 
I. Selective blockade of mGlu5 receptors in models of acute, 

persistent and chronic pain 

K. Walker ^' M. Bowes ^- ^ M. Panesar A. Davis ^' C. Gentry 
A. Kesingland ^ F, Gasparini \ W. Spooren % N. Stoehr % A. Pagano P.J. Flor % 
L Vranesic », K. Lingenhoehl », E.G. Johnson ^ M. Vamey ^ L. Urban ^ R. Kuhn " 

■ Nervous System Research. Novartis Phanna AG. CH-4002 Basle, Switzerland 
" Novartis Institute for Medical Sciences. Novartis Pharma AG, 5 Gower Place, London WCiE 6BN. UK 
SIBIA Neurosciences. 505 Coast Boulevard South, La JoUa. CA 92037-4631, USA 
Departimento di Scienze Chimiche, Universita di Catania, Catania, Italy 

Received 22 February 2000; received in revised form 14 June 2000; accepted 20 June 2000 



Abstract 

The excitatory neurotransmitter, glutamate, is particularly important in the transmission of pain information in the nervous system 
through the activation of ionotropic and metabotropic glutamate receptors. A potent, subtype-selective antagonist of the metabotropic 
glutamate-5 (mGlu5) receptor, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), has now been discovered that has effective anti-hyper- 
algesic effects in models of inflammatory pain. MPEP did not affect rotarod locomotor performance, or normal responses to noxious 
mechanical or thermal stimulation in naive rats. However, in models of inflammatory pain, systemic administration of MPEP 
produced effective reversal of mechanical hyperalgesia without affecting inflammatory oedema. In contrast to the non-steroidal anti- 
inflanmiatory drugs, indomethacin and diclofenac, the maximal anti-hyperalgesic effects of orally administered MPEP were observed 
without acute erosion of the gastric mucosa. In contrast to its effects in models of inflammatory pain, MPEP did not produce 
significant reversal of mechanical hyperalgesia in a rat model of neuropathic pain. © 2000 Elsevier Science Ltd. All rights reserved. 

A^eywori/j.- Metabotropic glutamate receptor; mGlu5. antagonist; MPEP; Pain; Inflammatory hyperalgesia 



1. Introduction 

Glutamate has long been recognised to play a princi- 
pal role in the transmission of pain within the nervous 
system (Dickenson et al., 1997). The actions of gluta- 
mate are mediated either through interaction with iono- 
tropic glutamate (iGlu) receptor channels or by G pro- 
tein-coupled metabotropic glutamate (mOlu) receptors 
that are linked to the modulation of second messenger 
systems (Salt, 1986; Baranauskas and Nistri, 1998). A 
specific role for group I mOlu receptors (mGlul and 
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mGlu5 receptors) in nociceptive processing has been 
demonstrated by pharmacological, immunohistochem- 
ical and in situ hybridisation (Vidnyanszky et aL, 1994; 
Romano et al., 1995, 1996; Valerio et al., 1997; Fisher 
and Coderre, 1998; Boxall et al., 1998a; Berthele et al., 
1999; Jia et aL, 1999). A role of dorsal horn group I 
mGlu receptors, particularly the mGlul receptor, in 
acute nociception has been described in behavioural 
(Fisher and Coderre, 1996a,b; Young et al., 1997; Fisher 
et al., 1998) and electrophysiological studies in vitro 
(Boxall et al, 1998b) or in vivo (Neugebauer et al., 
1999). Both mGlul and mGlu5 receptor subtypes are 
functionally expressed in the rat ventrobasal thalamus 
(Salt et al., 1999a,b). mGlul receptor antagonists have 
been shown to reduce responses of single rat thalamic 
somatosensory neurones excited by the application of a 
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noxious thermal stimulus to the receptive field (Salt and 
Turner, 1998). 

Nevertheless, the lack of subtype-selective agonists 
and antagonists has made it difficult to further define 
the respective roles of mGlul and particularly mGlu5 
receptors in nociceptive processes. Recently, the use of 
screening assays based on agonist-induced changes in 
intracellular calcium concentrations or phosphoinositide 
(PI) hydrolysis in a cell line expressing the human 
mGlu5a (hmGlu5a) receptor led to the discovery of 2- 
methyl-6-(phenyla2o)-pyridin-3-ol, a selective antagon- 
ist of the human mGlu5 receptor (Daggett et al., 1995; 
Veligelebi et al., 1998; Vamey et al, 1999). Derivatis- 
ation of this compound produced the more potent antag- 
onist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP), 
with an IC50 of 32 nM on the human mGlu5a receptor 
in the PI hydrolysis assay (Gasparini et al., 1999). MPEP 
inhibited dihydroxyphenylglycine (DHPG)-stimulated PI 
hydrolysis in neonatal rat brain slices with potency and 
. selectivity similar to that observed for human mGluS 
receptors (Gasparini et al., 1999). 

In this study we have examined the effects of selective 
antagonism of the mGlu5 receptor in rat models of pain. 
Chronic pain syndromes, such as those associated with 
persistent inflammation or nerve injury, have been 
shown to differ dramatically in terms of their receptor 
pharmacology and their therapeutic response to different 
pharmaceutical agents (Walker et al., 1999). Therefore, 
we tested the effects of systemic mGlu5 antagonist treat- 
ment in a variety of rat pain models, including acute, 
inflammatory and neuropathic pain, where it was com- 
pared to drugs with proven efficacy in comparable 
human chronic pain syndromes. Systemic mGlu5 antag- 
onist treatment produced significant reversal of inflam- 
matory hyperalgesia in the absence of locomotor side 
effects, as measured in the rat rotarod assay. Acute gas- 
tric erosion is a side effect of many non-steroidal anti- 
inflammatory drugs (NSAIDs) used for the clinical treat- 
ment of inflammatory pain (Allison et al., 1992). There- 
fore, we compared the acute gastric erosion produced 
following oral administration of NSAIDs or MPEP in 
the rat. 



2. Methods 

2.7. Drugs 

MPEP was synthesised as described previously 
(Gasparini et al., 1999), and was used in all experiments 
as its hydrochloride salt (molecular weight=229,7). 
MPEP, lamotrigine (kindly supplied by Glaxo 
Wellcome), indomethacin (Sigma; molecular weight = 
357.8) or diclofenac (Novartis; molecular weight = 
318.1) were administered orally (p.o.) in 0.5% methyl- 
cellulose (vol.=0.5 ml) and administered by gastric 



gavage. Morphine SO4 (molecular weight=758.8) was 
administered subcutaneously (s.c.) in 0,9% saline (1 
ml/kg). 

2,2. Models of pain 

All animal procedures were carried out in accordance 
with the UK Animals (Scientific Procedures) Act 1986 
and associated guidelines. Male Sprague-Dawley rats 
(180-220 g; Charles River, UK), six per group, were 
used in all experiments. Animals were housed in groups 
of six and had fi-ee access to food and water at all times, 
except prior to oral administration of drugs when food 
was removed for 12 h before and returned 1 h after dos- 
ing. For comparison with compound-treated groups, ani- 
mals treated with the appropriate drug vehicle were 
included in each experiment. The volume of adminis- 
tration was identical for vehicle- and compound-treated 
rats. Vehicle-treated rats were identical to compound- 
treated rats with respect to all other experimental pro- 
cedures. 

To assess the actions of drugs on acute nociception, 
the rat tail flick and paw pressure tests were employed. 
For the tail flick test (D'Amour and Smith, 1941), rats 
were placed inside a cotton pouch and the tail exposed 
to a focused beam of radiant heat at a point 3 cm from 
the tip using a tail flick unit (7360, Ugo Basile, Italy). 
Tail flick latencies were defined as the interval between 
the onset of the thermal stimulus and the flick of the tail. 
Animals not responding within 15 s were removed from 
the tail flick unit and assigned a withdrawal latency of 
15 s. Tail flick latencies were measured immediately 
before (pre-treatment) and 1, 3 and 6 h following drug 
administration. Data were expressed as tail flick latency 
(s), and the percentage of the maximal possible effect 
(15 s) was calculated as follows: 

%MPE= [(post-drug latency-pre-drug latency)/(15 s 
-pre-drug latency)] X 1 00. 

Hind paw withdrawal threshold (PWT) to a noxious 
mechanical stimulus was determined using the paw 
pressure technique (Stein et al., 1988). The analgesy- 
meter (7200, Ugo Basile, Italy) employed a wedge- 
shaped probe (area 1.75 mm^). Cut off was set at 250 g 
and the end point was taken as paw withdrawal. PWTs 
were measured before (pre-treatment) and 1, 3 and 6 h 
following drug administration. Data analysis was perfor- 
med on the untransformed latency or PWT data by 
analysis of variance (ANOVA) with repeated measures, 
and followed by Tukeys HSD post hoc analysis. 

The Freund's complete adjuvant (FCA) model of 
inflammatory pain was used to measure effects of drugs 
on established inflammatory hyperalgesia in rats. FCA- 
induced inflammation of the rat hind paw is associated 
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with the development of persistent inflammatory mech- 
anical hyperalgesia (decrease in PWT) and provides 
reliable prediction of the anti-hyperalgesic effects of 
clinically useful analgesic drugs (Bartho et al., 1990). 
The left hind paw of each animal was injected, subplan- 
tar, with 25 p.1 of Freund's complete adjuvant (Sigma). 
PWT were determined prior to FCA treatment (pre- 
treatment) and then again 24 h following FCA treatment 
(pre-dose). PWT were then measured 1, 3 and 6 h after 
drug administration. Percentage reversal of hyperalgesia 
for each animal was defined as: 

[(post-dose PWT-pre-dose PWT)/(baseline-pre 
-dose PWT)] X 100. 

The carrageenin model of inflammation has been com- 
monly used to examine the effects of drugs on the devel- 
opment of inflammatory hyperalgesia and oedema 
(Perrot et al., 1998). Carrageenin lambda (0.25 ml of a 
1% solution; Sigma) was injected directly into the rat 
left hind paw. Oedema was measured as the change in 
hind paw volume (ml), measured using a plethysmemo- 
meter (Ugo Basile, Milan). Hind paw volume and PWT 
were measured, as described above, before carrageenin 
treatment (baseline), 2 h following carrageenin treatment 
(pre-dose) and 1, 3 and 6 h following drug adminis- 
tration. 

The partial sciatic nerve ligation model of neuropathic 
pain was used to produce neuropathic hyperalgesia in 
rats (Seltzer et al., 1990). Rats weighed 140 g at time 
of nerve ligation. Partial ligation of the left sciatic nerve 
was performed under enflurane/O^ inhalation anaes- 
thesia. The left thigh of the rat was shaved and the sciatic 
nerve exposed at high thigh level through a small 
incision. The nerve was carefully cleared of surrounding 
connective tissues at a site near the trocanther just distal 
to the point at which the posterior biceps semitendinosus 
nerve branches off the common sciatic nerve. A 7-0 silk 
suture was inserted into the nerve with a 3/8 curved, 
reversed-cutting mini-needle, and tightly ligated so that 
the dorsal ■ 1/3 to 1/2 of the nerve thickness was held 
within the ligature. The wound was closed with a single 
muscle suture (7-0 silk) and a Michelle clip. Following 
surgery the wound area was dusted with antibiotic pow- 
der. Sham-treated rats underwent identical surgical con- 
ditions except that the sciatic nerve was not manipulated. 
Experiments were carried out 11-15 days following lig- 
ation. The anti-epileptic drug, lamotrigine (30 mg/kg, 
P.O.), was used as a positive control (Hunter et al., 1997). 
PWT were measured, as described above, immediately 
prior to and 1, 3 and 6 h after drug administration. Per- 
centage reversal of neuropathic hyperalgesia was 
defined as: 

100- [(right pre-dose PWT-left post 
-dose PWT)/(right pre-dose PWT 



-left pre-dose PWT)] X 100. 

Data analysis was performed on the untransformed PWT 
data by ANOVA with repeated measures, and followed 
by Tukeys HSD post hoc analysis. 

2.3, Locomotor activity 

The accelerating rotarod (7750, Ugo Basile, Italy) was 
used to assess the effects of compounds on locomotor 
activity (Bristow et al., 1997). The initial rotarod speed 
was 4 rev/min, accelerating to 40 rev/min over 5 min. 
The duration of time spent on the rotarod was measured 
in seconds. Animals remaining on the rotarod for 300 s 
were removed from the apparatus and assigned a latency 
of 300 s. Rats were given a training trial on the rotarod 
24 h prior to drug testing. Rotarod latencies were meas- 
ured immediately prior to and 1, 3 and 6 h following 
drug administration. Percentage disruption was defined 
as: 

100 -(post-dose latency/pre -dose latency)X 100, 

In all experiments data analysis was performed on the 
untransformed latency data by ANOVA with repeated 
measures, and followed where appropriate by Tukeys 
HSD post hoc analysis. D50 was defined as the dose that 
produced 50% disruption of performance in the rota- 
rod assay. 

2.4. Acute gastric erosion 

Gastrointestinal erosion is a common side effect of 
NSAID use (Allison et al., 1992). Rats received a single 
dose of MPEP, indomethacin, diclofenac or vehicle 
(0.5% methylcellulose). The dose (30 mg/kg) produced. 
significant anti-hyperalgesic effects for all three com- 
pounds in the rat FCA model of inflammatory pain [Fig. 
2(b)]. Rats were killed by cervical dislocation 4 h fol- 
lowing administration. The stomach was removed, dis- 
sected along the greater curvature, rinsed with 0.9% 
saline (4°C) and gastric mucosal tissue was examined 
with a Nikon SMZ 10 Binocular Microscope. NSAID- 
induced acute gastric damage (Allison et al., 1992), 
which is usually presented as mucosal erosions (an ero- 
sion being defined as surface epithelial damage that does 
not penetrate the muscularis mucosa), was assessed on 
a severity scale of 0 to 8 (the acute gastric lesion 
index), where: 

0 no morphological damage 

1 one mucosal erosion 

2 up to three mucosal erosions 

3 up to six mucosal erosions 

4 up to 10 mucosal erosions 

5 up to 20 mucosal erosions 
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Fig. 1. MPEP does not affect taiJ flick latencies to noxious thermal 
stimulation in naive rats («=6/group). Tail flick latencies (%MPE; 
mean±SEM) were measured 1 h following treatment with moiphine 
(i-10 mg/kg, S.C.) or MPEP (10 and 100 mg/kg, p.o.). An asterisk 
denotes a significant difference from vehicle-treated control (/'<0.05). 



6 up to 40 mucosal erosions 

7 large haemorrhagic streaks up to 1 cm in length 

8 the presence of one or more ulcers (an ulcer 
being defined as epithelial damage extending 
beyond the mucosa into the muscularis mucosa). 

Statistical analysis was perfonned using the Mann- 
Whitney test (P<0.05). 



3. Results 

i.i. Tests of acute nociception 

MPEP did not affect behavioural responses to noxious 
thermal or mechanical stimulation in naive rats. The tail 
flick latencies of naive rats were unaffected by p.o. 
administration of MPEP (10 and 100 mg/kg) or the 
vehicle, whereas morphine (1-10 mg/kg, s.c.) produced 
a dose-dependent increase in tail flick latency (Fig. 1). 
MPEP (3-100 mg/kg, p.o.) did not affect the PWT of 
rats at 1 or 3 h following administration compared with 
the vehicle group (Table 1). 



i.2. Inflammatory hyperalgesia 

FCA treatment produced a significant reduction in 
PWT [mean±standard error of the mean (SEM)] in all 
animals 24 h following treatment (55,3±4.1 g) compared 
with their baseline PWT (145.513.3 g). Administration 
of MPEP (1-100 mg/kg, p.o.) dose-dependently reversed 
established mechanical hyperalgesia in the FCA- 
inflamed rat hind paw [Fig. 2(a) and (b)]. Reversal of 
mechanical hyperalgesia was produced between 1 and 5 
h following p.o. administration of MPEP; however, all 
animals displayed their pre-drug paw withdrawal thresh- 
olds by 24 h following administration [Fig. 2(a)]. At the 
highest dose tested (100 mg/kg, p.o.) MPEP produced a 
maximal 70% reversal of mechanical hyperalgesia (3 
and 5 h following administration), making the overall 
efficacy of MPEP in this model superior to that of the 
NSAIDs, indomethacin and diclofenac [Fig. 2(b)]. Mor- 
phine (s.c.) produced the most potent anti-hyperalgesic 
effects in FCA-treated rats, with an ED50 value of 4.4 
■ mg/kg 3 h following s.c. administration. However, esti- 
mation of morphine's efficacy was prevented by the 
appearance of severe sedation that interfered with 
behavioral measurements at the highest dose (10 mg/kg, 
s.c, see Section 3,4). Although MPEP produced effec- 
tive reversal of inflammatory hyperalgesia, it was much 
less potent than morphine, with an ED50 value of 29 
mg/kg 3 h following oral administration. 

MPEP (3-100 mg/kg, p.o.) or diclofenac (1-30 
mg/kg) reversed carrageenin-induced mechanical hyper- 
algesia widi similar efficacy (Fig. 3). Diclofenac was 10 
times more potent than MPEP against mechanical hyper- 
algesia. Diclofenac produced significant inhibition of 
carrageenin-induced oedema (increased paw volume) in 
the same rats that showed anti-hyperalgesic effects. In 
contrast, although MPEP reversed carrageenin-induced. 
hyperalgesia, it did not affect hind paw oedema in the 
same rats (Fig. 3). 

3,3. Neuropathic hyperalgesia 

Mechanical hyperalgesia was observed in all rats 1 1- 
15 days following partial ligation of the sciatic nerve, as 
previously described (Seltzer et al., 1990). PWT for 



Table 1 

Mean PWT of naive rats 1 and 3 h following oral administration of MPEP («=6/group) 



MPEP dose (mg/kg, p.o.) PWT (g), 1 h 


SEM 


PWT (g). 3 h 


SEM 


0 no 

^ 110 
10 111.6 
30 112.5 
>00 1,0.8 


1.4 

2 

1.8 
2.7 
1.6 


111.6 
110.8 

ni.6 

110.8 
111.6 


1.8 
1.6 
1.1 
3.7 
1.1 
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Fig. 2. (a) Reversal of FCA-induced mechanical hyperalgesia 
(meanlSEM) in the inflamed rat hind paw following a single oral dose 
of vehicle or MPEP (w=6/group). An asterisk denotes a significant dif- 
ference from control (F<0.05). (b) Comparison of the effects of mor- 
phine (1-10 mg/kg, s.c), indomethacin (1-30 mg/kg, p.c), diclofenac 
(1-100 mg/kg, p.o.) and MPEP (10-100 mg/kg, p.o.) on the reversal 
of mechanical hyperalgesia (mean±SEM) in the FCA-infiamed rat hind 
paw 3 h following a single dose. Sedation was observed in all rats 
following treatment with morphine (10 mg/kg, s.c). 



sham-treated rats 1 1-15 days following treatment ranged 
from 100 to 105 g, and did not differ significantly firom 
those of age-matched naive rats (105-112 g). The PWT 
(mean±SEM) of the partially denervated hind paw prior 
to drug administration was 66.612.4 g, whereas the PWT 
of the non-ligated hind paw was 103.3±2.1 g. The non- 
selective sodium channel blocker, lamotrigine (30 
mg/kg, p.o.), produced significant reversal of mechanical 
hyperalgesia (PWT in ligated hind paw=81.6±2.4 g, 1 h 
following administration) in the partially denervated 
hind paw, from 1 to 6 h following a single administration 
14 days following partial ligation of the sciatic nerve. 
MPEP (10 and 100 mg/kg, p.o.) had no effect on mech- 
anical hyperalgesia following a single administration, 14 
days following partial ligation of the rat sciatic nerve 
(Fig. 4). 




doBe(nn9l<apLQ) 

Fig. 3. Inhibition (mean±SEM) of carrageenin-induced mechanical 
hyperalgesia (closed symbols) or increased paw volume (open 
synibo.ls) in the inflamed rat hind paw following administration of 
diclofenac (squares; 1-30 mg/kg, p.o.) or MPEP (circles; 3-100 mg/kg, 
p.o.). The same animals were used for mechanical hyperalgesia and 
paw volume measurements («=6/group). An asterisk denotes a signifi- 
cant difference from vehicle-treated control {P<6.05). 
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Fig. 4. Reversal (mean±SEM) of neuropathic hyperalgesia in rats by 
single p.o. administration of lamotrigine, but not MPEP, 14 days fol- 
lowing partial ligation of the sciatic nerve («=6/group). An asterisk 
denotes a significant difference from vehicle-treated control (P<0.05). 

3,4, Locomotor activity 

Although morphine is well known as a potent anal- 
gesic drug, behavioural assessment of the anti-hyperalg- 
esic effects of morphine in rodents is often impaired by 
the appearance of severe sedation within the analgesic 
dose range. The sedative effects of morphine have also 
been shown to interfere with locomotor performance in 
the rotarod assay (Kissin et al,, 1990). In this study mor- 
phine (1-10 mg/kg, s.c.) dose-dependently disrupted per- 
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Fig. 5. Disruption (mcan±SEM) of rotarod performance in rats 
(«=6/group) 1 h following treatment with morphine (1-30 mg/kg, s.c.). 
Rats treated with MPEP (1-300 mg/kg, p.o.) showed no disruption of 
rotarod performance. An asterisk denotes a significant difference from 
vehicle-treated control (P<0.05). 



formance in the rotorod assay with a D^q value of 12.3 
mg/kg; however, rats treated with MPEP (1-300 mg/kg, 
p.o.) all performed the maximal duration of the rotarod 
assay without disruption of performance at any dose 
(Fig. 5). 

3,5. Acute gastric erosion 

All rats treated with a single oral dose of indome- 
thacin or diclofenac (30 mg/kg) showed evidence of 
acute damage to the mucosa (Fig, 6). This damage con- 
sisted of more than six mucosal erosions and in several 
rats large haemorrhagic lesions and evidence of blood 
in the stomach were noted. Single administration of 
MPEP (30 mg/kg, p.o.) did not produce evidence of 
acute gastric erosion; however, one rat treated with 
vehicle alone was found to have a single mucosal ero- 
sion (intensity "1" on the lesion index). 



0) 




MPEP 



indomethacin diclofenac 



Fig. 6. Induction of acute gastric erosion (meanlSEM) in rats 4 h 
following single p.o. administration of MPEP (30 mg/kg, w=6), indo- 
methacin (30 mg/kg, n=6) or diclofenac (30 mg/kg, n=6). None of the 
rats treated with MPEP showed evidence of acute gastric damage. An 
asterisk denotes a significant difference from vehicle-treated control 
(/'<0.05). 



4. Discussion 

Traditional therapies for chronic pain are based on two 
well-established classes of analgesics, opioids and non- 
steroidal anti-inflammatory drugs. Both of these classes 
have significant shortcomings, particularly with respect 
to their undesirable side effects. The use of opioid anal- 
gesics is limited by their sedative, respiratory and gastro- 
intestinal side effects as well as their abuse potential, 
whereas chronic NSAID use is restricted by serious gas- 
trointestinal or renal side effects. These problems have 
led to new approaches focusing on the discovery of 
novel molecular and pharmacological mechanisms of 
nociceptive modulation that will allow the development 
of new classes of pain-relieving drugs, without such 
undesirable side effects. 

In this study we show that systemic administration of 
MPEP produced reversal of inflammatory hyperalgesia. 
In contrast to its effects on inflammatory hyperalgesia, 
mGlu5 receptor antagonist treatment has no effect on 
normal responses to noxious stimulation. In this respect 
an mGlu5 receptor antagonist does not produce an 
opioid-like profile in assays of acute nociception, and 
therefore cannot be considered as a true analgesic drug. 
Instead, MPEP acted solely against the pain that 
accompanies inflammatory pathology, as defined by the 
dose-dependent reversal of both FCA- and carrageenin- 
induced hyperalgesia. It is notable that MPEP was equ- 
ally effective against hyperalgesia whether it was asso- 
ciated with acute inflammatory processes, as in the case 
of the carrageenin model, or when animals were treated 
with MPEP 24 h following FCA treatment, when 
inflammation is established. 

In contrast to the potent anti-inflammatory effects of 
diclofenac, MPEP did not affect inflammatory oedema 
formation. These findings are consistent with those of. 
Fiorentino et al. (1999), who demonstrated that a periph- 
eral injection of glutamate induced behavioural 
responses associated with pain but did not induce 
inflammation or plasma extravasation. These results sug- 
gest that although excitatory amino acids play a role in 
the sensitisation of primary afferent neurones during 
inflammation, they may not play as important a role in 
other aspects of inflammation. 

In contrast to its efficacy in models of inflammatory 
pain, MPEP did not affect hyperalgesia associated with 
nerve injury. In this respect the role of mGlu5 receptors 
in nociception may differ from that proposed for the 
mGlul receptor. Antisense ablation of the mGlul recep- 
tor has been shown to reduce cold allodynia associated 
with nerve injury in the rat (Young et al., 1998). 

A particular role of mGlu5 receptors in pain modu- 
lation is supported by pharmacological studies using 
group I mGlu receptor agonists and antagonists. In the 
brain, the use of phenylglycine antagonists has demon- 
strated that group I mGlu receptors are involved in 
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nociceptive responses of neurones of the ventrobasal 
thalamus (Eaton et al, 1993; Salt and Eaton, 1994; Salt 
and Turner, 1998). Glutamate is the main excitatory neu- 
rotransmitter at the first modulatory site in the spinal dor- 
sal horn and plays a critical role in the transmission of 
nociceptive sensory information to the brain. The exact 
role of dorsal horn mGlu receptors in this process is still 
poorly understood, but there is an emerging consensus 
that they may be involved in the modulation of iono- 
tropic glutamate receptor-mediated responses (Boxall et 
al., 1998a,b; Alagarsamy et al., 1999a,b). Activation of 
metabotropic receptors has been shown to potentiate A^- 
methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5- 
rnethyl-4-isoxazole propionic acid (AMP A) responses in 
the rat dorsal horn and co-activation of AMP A and mGlu 
receptors in the dorsal horn produces mechanical hyper- 
algesia in the rat (Bleakman et al, 1992; Ceme and 
Randic, 1992; Fisher and Coderre, 1996b). Group I 
selective mGlu agonists, such as DHPG and (R5)-2- 
chloro-5-hydroxyphenylglycine (CHPG) (Schoepp et al., 
1999), have been used to show that activation of spinal 
group 1 mGlu receptors, particularly the mGlul receptor, 
produces behaviours indicative of nociception (Fisher 
and Coderre, 1996a, 1998) or potentiates the behavioural 
and electrophysiological responses associated with 
inflammation in rats (Neugebauer et al., 1994; Young et 
al., 1997; Neugebauer et al., 1999), The ability of sys- 
temically administered MPEP to cross the blood-brain 
barrier has been demonstrated using in vivo electrophy- 
siological approaches in which the effects of centrally 
applied mGlu receptor agonists were antagonised by 
intravenously administered MPEP (Gasparini et al., 
1999; Salt et al., 1999a,b). 

In addition to the location of raGluS receptors within 
spinal and brain components of the nociceptive pathway, 
mGlu5 antagonists may have potential to exert effects 
on nociceptive transmission at the level of peripheral pri- 
mary afferent neurons (see Walker et al., accompanying 
manuscript). Crawford et al. (2000) have recently dem- 
onstrated the stimulation of increases in intracellular cal- 
cium concentrations in rat cultured dorsal root ganglion 
neurons by the mGlu5 agonist, CHPG. Furthermore, the 
endogenous agonist, glutamate, is known to evoke mech- 
anical hyperalgesia following injection to the naive rat 
hind paw (Coggeshall et al., 1997). We have found that 
the injection of a selective mGlu5 agonist into the naive 
rat hind paw also produces mechanical hyperalgesia and 
that both agonist-induced and inflammatory hyperalgesia 
can be inhibited by pre-treatment of the rat hind paw 
with MPEP (see Walker et al., accompanying 
manuscript). These and other pharmacological, electro- 
physiological and immunohistochemical experiments 
indicate that perpherally expressed mGlu5 receptors play 
an important role in the development of inflammatory 
hyperalgesia in the rat (see Walker et al., 
accompanying manuscript). 



In our experiments MPEP produced reversal of 
inflammatory hyperalgesia with similar efficacy to both 
NSAIDs and morphine, but in the absence of locomotor 
side effects or acute gastric toxicity. Compounds that can 
selectively antagonise mGlu5 receptors may provide a 
new mechanistic approach for the management of pain 
associated with inflammatory syndromes that avoids the 
potential for adverse side effects on the central nervous 
system and acute gastrointestinal toxicity. 
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Abstract 

Previous studies have demonstrated that the metabotropic glutamate receptor subtype 5 (mGlu5 receptor) is expressed in the cell 
bodies of rat primary afferent neurones. We have further investigated the function and expression of mGlu5 receptors in primary 
afferent neurones, and their role in inflammatory nociception. Freund's complete adjuvant-induced inflammatory hyperalgesia of 
the rat hind paw was significantly reduced by intraplantar, but not by intracerebroventricular or intrathecal microinjection of the 
selective mGlu5 receptor antagonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP). Pharmacological comparison in vivo of the 
nociceptive effects of glutamate, and ionotropic and metabotropic glutamate (mOlu) receptor agonists applied to the rat hind paw, 
indicated that group I mGlu receptor agonists induce a dose-dependent decrease in paw v^thdrawal threshold (mechanical 
hyperalgesia). Group I mGlu agonist-induced hyperalgesia was inhibited by co-microinjection of MPEP, but not by the mGlul 
receptor antagonist (5)-4-carboxy-phenylglycine (4-CPG). Carrageenan-induced inflammatory hyperalgesia was inhibited by pre- 
treatment of the inflamed hind paw with MPEP, but not following MPEP injection into the contralateral hind paw. Dorsal horn 
neurones receiving peripheral nociceptive and non-nociceptive afferent input were recorded in anaesthetized rats following microin- 
jection of CHPG into their peripheral receptive fields. CHPG significantly increased the frequency and duration of firing of dorsal 
horn wide dynamic range (WDR) neurones and this activity was prevented by co-administration of CHPG and MPEP into their 
receptive fields. Immunohistochemical experiments revealed the co-expression of mGlu5 receptor protein and piII tubulin in skin- 
from. naive rats, indicating the constitutive expression of mGIu5 receptors on peripheral neurones. Double-labelling of adult rat 
DRG cells with mGlu5 receptor and vanilloid receptor subtype 1 antisera also supports the expression of mGlu5 receptors on 
peripheral nociceptive afferents. These results, suggest that mGlu5 receptors expressed on the peripheral terminals of sensory neu- 
rones are involved in nociceptive processes and contribute to the hyperalgesia associated with inflammation. © 2000 Elsevier 
Science Ltd All rights reserved. 

Keywords: Metabotropic glutamate receptor; Ionotropic glutamate receptor; MPEP; Inflammation; Pain 
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1. Introduction 

The actions of glutamate are mediated either through 
interaction with ionotropic glutamate (iOlu) receptor 
channels or by G protein-coupled metabotropic gluta- 
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mate (mGlu) receptors that are linked to the modulation 
of second messenger systems (Salt, 1986; Knopfel et al., 
1995; Conn and Pin, 1997). A specific role for group I 
mGlu receptors (mGlul and mGlu5) in nociceptive pro- 
cessing has been demonstrated by pharmacological, 
immunohistochemical and in situ hybridization studies 
(Fisher and Coderre, 1998; Sah and Turner, 1998; Boxall 
et al., 1998a; Jia et al, 1999). In addition to a role in 
pain transmission within the central nervous system, glu- 
tamate also excites peripheral nociceptive neurones 
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(Carlton et al., 1995; Jackson et al., 1995; Lawand et 
al., 1997; Fiorentino et al., 1999). This effect has been 
attributed to the activation of peripherally expressed ion- 
otropic glutamate receptors (Carlton et al., 1995; Jackson 
et aL, 1995; Zhou et al., 1996; Davidson et al., 1997; 
Lawand et al., 1997). 

In our first study (see Walker et al., 2001), we exam- 
ined the effects of the selective mGlu5 receptor antagon- 
ist, 2-methyl-6-(phenylediynyl)-pyridine (MPEP: Gaspa- 
rini et al., 1999) in models of pain. These experiments 
demonstrated that systemic administration of MPEP pro- 
duced effective reversal of the hyperalgesia associated 
with inflammation, without affecting the normal behav- 
ioural responses to noxious stimulation in naive rats (see 
Walker et al., 2001). 

The expression of the mGlu5 receptor in various 
regions of the brain and spinal cord has been studied in 
detail (Shigemoto et al., 1993; Romano et al., 1995; 
Valerio et al., 1997; Boxall et al., 1998b). Interestinglyl 
Valerio and colleagues have shown that mGlu5 receptor 
protein is also expressed in small diameter rat DRG 
cells, and the superficial layers of the rat dorsal horn, 
suggesting that mGlu5 receptors are expressed at the 
central terminals of nociceptive afferents (Valerio et al., 
1997). However, we hypothesized that mGlu5 receptors 
might also be functionally expressed at the peripheral 
terminals of primary nociceptive afferent neurones. 

In this study we carried out pharmacological, electro- 
physiological and immunohistochemical experiments to 
further explore the possible site and mechanism of 
mGlu5 receptor-mediated antihyperalgesia. The purpose 
of these experiments was to: (1) determine the local CNS 
or peripheral site of action of MPEP that produces the 
most effective reversal of inflammatory hyperalgesia; (2) 
provide pharmacological evidence for the fimction of 
mGlu5 receptors, and their role in nociceptive processes, 
outside the CNS; and (3) provide immunohistological 
evidence for the expression of mGlu5 receptors by neu- 
rones in rat skin. 



2. Methods 

2.L Drugs 

MPEP was synthesized as described previously 
(Gasparini et al., 1999), and was used in all experiments 
as its hydrochloride salt (MW=229.7). (/?5)-2.chloro-5- - 
hydroxyphenylglycine (CHPG, MW=201.61), 3,5-dihy- 
droxyphenylglycine (DHPG, MW=183.16), a-ainino-3- 
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA, 
MW=:1 86. 17), A/^-methyl-D-aspartic acid (NMDA,' 
MW=1 47. 1 3), (5)-4-carboxy-phenylglycine (4-CPG,' 
MW=195.17) and L-(+)-2-amino-4-phosphonobutyric 
acid (L-AP4, MW=183.1) are all described by Schoepp 
and colleagues (Schoepp et al., 1999) and were pur- 



chased from Tocris. LY3 14582 (MW=185.2) was syn- 
thesized according to the procedure described by Monn 
et al. (1997). L-Glutamate (Sigma), CHPG, DHPG 
AMPA, LY3 14582, 4-CPG and morphine SO4 were 
administered in 0.9% saline, whereas L-AP4 was admin- 
istered in 30% DMSO/0.9% saline. MPEP was adminis- 
tered in 10% edianol, 10% Tween 80 in saline. All com- 
pounds were microinjected at pH 7.0. 

22. Animals and drug administration 

All animal procedures were carried out in accordance 
with the UK Animals (Scientific Procedures) Act 1986 
and associated guidelines. Male Sprague-Dawley rats 
(180-220 g; Charles River, UK), were used in all experi- 
ments. Animals were housed in groups of six and had 
fi-ee access to food and water at all times. Microinjec- 
tions were made in rats briefly anaesthetized with enflu- 
rane (maximal duration of anaesthesia=10 min) via sub- 
dermal intraplantar (i.pl.), intrathecal (i.t.) and intracere- 
broventricular (i.c.v.) routes. I.pl. injections (10 jil bolus) 
were sub-dermal into the plantar surface of either naive 
or FCA-treated rat hind paws using a 26 gauge needle 
attached to a Hamilton syringe. For i.t, injections (10 |il 
bolus), the lumbar back of the anaesthetized rat was 
shaved, and the injections were made via a 26 gauge 
needle inserted into the tissue to one side of the L5. or 
L6 spinous process, as described previously (Hylden and 
Wilcox, 1980). Lev. (5 [il/2 min) microinjections were 
made using standard stereotaxic surgical techniques, as 
described previously (Walker et al., 1996). Following 
anaesthesia, rats were fixed to a Kopf stereotaxic fi-ame 
and solutions were injected via a sterile glass microcapil- 
lary pipette (Sigma, No. P.0549), drawn to a fine point. 
The tip of the injector was placed at co-ordinates: 0.8 
mm posterior to bregma, 1.4 mm lateral to the sagittal, 
suture and 3.7 mm below the surface of the skull in the 
right lateral ventricle. Following the removal of the 
injector the skull was sealed with sterile bone wax and 
the scalp was sutured. Following the microinjection pro- 
cedures described above, animals were placed on a warm 
pad until they had recovered firom the anaesthetic. 

2,3. Models of inflammatory pain 

Hind paw withdrawal thresholds (PWT) to a noxious 
mechanical stimulus were determined using the paw 
pressure technique (Stein et al., 1988). The analgesy- 
meter (7200, Ugo Basile, Italy) employed a wedge 
shaped probe (area 1.75 mm^). Cut off was set at 250 g 
and the end point was taken as paw withdrawal. PWT 
were measured before and following drug adminis- 
tration, as indicated. Data analysis was performed on the 
untransformed latency or PWT data by ANOVA with 
. repeated measures, and followed by Tukey's HSD post 
hoc analysis. 
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The Freund's complete adjuvant (FCA) model of 
. inflammatory pain was used to measure effects of drugs 
on established inflammatory hyperalgesia in rats. FCA- 
induced inflammation of the rat hind paw is associated 
with the development of persistent inflammatory mech- 
anical hyperalgesia (decrease in PWT; Bartho et al., 
1990). The left hind paw of each animal was injected, 
sub-plantar, with 2.5 |il of Freund's complete adjuvant 
(Sigma). PWT were determined prior to FCA treatment 
(baseline) and then again 24 h following FCA treatment 
(pre-dose). PWT were then measured 1 and 3 h after 
drug administration. As a positive control for the i.t. and 
i.c.v. experiments, an additional group of FCA-treated 
rats received administration of morphine (10 nmole) via 
these routes. 

The carrageenan model of inflammation has been 
commonly used to examine the effects of drugs on the 
development of inflammatory hyperalgesia (Perrot et al., 
1998). MPEP was microinjected into a rat hind paw, as 
described above. Thirty minutes following MPEP 
administration, carrageenan lambda (0.25 ml of a 1% 
solution; Sigma) was injected directly into the same hind 
paw. PWT were measured, as described above, before 
carrageenan treatment (baseline), and 1 and 3 h follow- 
ing carrageenan administration. 

2.4, In vivo electrophysiology 

Recordings from dorsal horn neurones were made 
using the techniques described by Dickenson and col- 
leagues (Dickenson and Sullivan, 1987). Male Sprague- 
Dawley rats (200-220 g) were anaesthetized with enflu- 
rane in a gaseous mixture of N2O and O2 (66 and 33%, 
respectively) throughout the experiment. The animal was 
held in a stereotaxic ft-ame and a laminectomy performed 
over the lumbar segments L1-L3 to expose the spinal 
cord. Single wide dynamic range (WDR) neurones 
located in the deep (500-1000 jim) dorsal horn, with 
receptive fields in the rat hind paw, were isolated by 
inserting a praylene-coated tungsten electrode (A-M 
Systems, Inc., USA) into the spinal dorsal horn. The 
electrode was progressively moved through the dorsal 
horn, using a Significat, Scat-01 Ultrastepper 
(Digitimer, UK). 

WDR neurones were identified for recording based on 
the existence of inputs from both high- and low-thres- 
hold sensory afferents. This was evaluated by, first, 
characterizing the responses of the neurone following 
mechanical stimulation to the peripheral receptive field 
in the hind paw with innocuous (light touch) and noxious 
(pinch) stimuli. Once a neurone was located in this way, 
further confirmation of its nociceptive afferent input was 
carried out by determining whether that the neurone 
received input from AP-, A5- and C-fibres. This was car- 
ried out by characterizing the responses evoked by trans- 
cutaneous electrical stimulation of the peripheral recep- 



tive field. This test consisted of 16 stimuli at 0.5 Hz with 
a 2 ms wide pulse, at three times C-fibre threshold (0.8- 
3 mA) to ensure activation of all categories of peripheral 
afferents. These responses were identified on the basis 
of latency and threshold: the responses to AP-fibre inputs 
were attributed to the 0-20 ms post-stimulus latency 
band, the A5-fibre responses to the 20-90 ms latency 
band, and the C-fibre evoked responses to the 90-300 
ms latency band. Post-discharge of the neurone was attri- 
buted to the firing occurring in the latency band between 
300 and 800 ms. Once this basic characterization of the 
WDR neurone was complete, electrodes were removed 
fi-om the skin and either CHPG (51 ^ll bolus) or a mix- 
ture of CHPG and MPEP (5 |Lil bolus) was administered 
intracutaneously into the receptive field by injection via 
a 26 gauge needle attached to a Hamilton syringe. Action 
potentials were recorded over time as a rate recording 
in response to either of the above drug combinations. 
Responses of WDR neurones to the drug administration 
were measured as change of frequency of neuronal firing 
and the duration of altered firing rate after drug appli- 
cation (see Fig. 3). Student's Mest (paired, two-tailed) 
was used to test for significance for drug effects com- 
pared to vehicle effects (P<0.05). 

2.5. Immunohistochemistry 

Cryostat sections of 20 )im, taken from unfixed glabr- 
ous skin of the adult rat hind paw, or 10 jim sections of 
DRG from perfusion fixed animals, were thaw mounted 
onto Superfrost Plus microscope slides (BDH/Merck). 
Skin sections were air dried and fixed for 10 min at room 
temperature in acetone. Antibodies were all diluted in 
PBS (Sigma) plus 0.1% Triton X 100 (BDH/Merck) and 
all incubations were carried out at room temperature. 
Skin sections were co-incubated with a mixture of affin-- 
ity purified rabbit anti-mGlu5 raised to the C-terminal 
peptide of the rat mGlu5 sequence (Valerio et al., 1997) 
at a final concentration of 5 jig/ml, and a monoclonal 
anti-neuronal pIII tubulin (Promega) at a final concen- 
tration of 1 ^ig/ml. Rabbit antibody was visualized with 
anti-rabbit antibodies conjugated to TRITC (Sigma), 1- 
200 final concentration, and mouse antibody with an 
anti-mouse FITC at 1-200 (Sigma). Secondary anti- 
bodies were applied for 2 h at room temperature. Appro- 
priate controls showed that the secondary antibodies 
were specific for either rabbit or mouse antisera (data not 
shown). Images were collected using a Leica confocal 
microscope equipped with appropriate filters. 

Sections of 10 jim of perfusion fixed (4% 
paraformaldehyde) rat DRG were double labelled for 
mGlu5 and VRL The rat VRl C-terminal sequence 
(KPEDAEVFKDSMVPGEK) was conjugated to thyrog- 
lobulin via an amino-terminal cysteine and used to 
immunize rabbits (Severn' Biotech). Anti-VRl at 1- 
10,000 labelled only one band at approximately 90 kDa 
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in Western blots of DRG extracts (not shown). VRl 
• immunolabelling on tissue sections or on blots was elim- 
inated by preabsorption of the antiserum with free pep- 
tide used as the immunogen. 

Sections were processed using a modification of the 
tyramide signal amplification (ISA) indirect method for 
immunofluorescence (NEN). This enables double label- 
ling with antibodies raised in the same host species. 
Briefly, sections were blocked for 1 h with 10% goat 
serum and incubated overnight with a 1:100,000 dilution 
of rabbit anti-VRl. Sections were then washed in PBS, 
incubated for 1 h with goat anti-rabbit biotin (1:400 
dilution), 30 min in a 1:5 dilution of ABC (avidin biotin 
complex, Vector Labs) and 7 min in biotinyl tyramide 
solution (NEN). PBS washes were perfonned between 
all steps. Sections were then incubated for 2 h with 1:400 
ex-Avidin FITC (Sigma), mounted and viewed using a 
Nikon Eclipse fluorescence microscope. (For controls, a 
1:100,000 dilution VRl-like immunoreactivity was 
applied to some sections but the TSA protocol was omit- 
ted. Other sections were submitted to the TSA protocol 
but had no primary VRl antibody.) Labelled sections 
were then further incubated overnight with 5 ^ig/ml rab- 
bit anti-mGlu5 followed by anti-rabbit TRITC (Sigma). 

3. Results 

3.1. Effects of central vs. peripherally administered 
MPEP in rat models of inflammatory pain 

The central vs. peripheral effects of MPEP were com- 
pared by examining the reversal of FCA-induced mech- 
anical hyperalgesia produced by the local microinjection 
of MPEP via i.c.v., i.t. or i.pl. routes. Lev. or i.t. admin- 
istration of morphine (10 nmole) reversed FCA-induced 
hyperalgesia 1 h following administration (Fig. 1(a)). In 
contrast, neither i.t. nor i.c.v. microinjection of MPEP 
(10-300 nmole) produced a significant effect on paw 
withdrawal thresholds in the inflamed rat hind paw 1 or 
3 h following administration. However, when adminis- 
tered directly to the inflamed hind paw, MPEP produced 
significant reversal of mechanical hyperalgesia by 1 h 
following administration (Fig. 1(a)). Nevertheless, in 
these experiments MPEP was injected into the swollen 
hind paw, 24 h following FCA treatment, and we could 
not accurately estimate its efficacy due to some leakage, 
from the site of injection. Therefore, we tested whether 
pre-treatment of the hind paw with MPEP could also 
prevent the development of inflammatory hyperalgesia. 
In these experiments we used the carrageenan inodel of 
inflammation, due to the rapid onset of mechanical hyp- 
eralgesia and other signs of inflammation (e.g. paw 
oedema) in this model (Perrot et al.,,1998). As a further 
control, to determine whether intraplantar microinjection 
could lead to systemic effects, we included a group of 
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Fig. 1. (a) Reversal of mechanical hyperalgesia (meanlSEM) in the 
FCA-inflamed rat hind paw 1 h following i.t., i.c.v. or i.pl. adminis- 
tration of MPEP. PWT were measured before FCA treatment (B), and 
24 h after FCA treatment, prior to MPEP administration (P). An aster- 
isk denotes a significant difference from pre-MPEP administration 
PWT (/'<0.05). (b) Inhibition of the development of mechanical hyp- 
eralgesia 1 and 3 h following i.pl, injection of carrageenan, as 
described above, by i.pl. microinjection (5 yA) of vehicle, 0.03-O.3 
fimole of MPEP. PWT in the inflamed hind paw were unaffected fol-' 
lowing microinjection of 0.3 ^mole MPEP into the contralateral 
(contra.) hind paw. An asterisk denotes a significant difference ftom 
the vehicle-treated group (/'<0.05). 

rats that had received pre-treatment with the highest dose 
of MPEP into the hind paw contralateral to the carra- 
geenan-treated paw. Pre-treatment of the rat hind paw 
by intraplantar microinjection of MPEP 30 min before 
carrageenan treatment significantly inhibited the devel- 
opment of mechanical hyperalgesia (Fig. 1(b)). In con- 
trast, pre-treatment of the hind paw contralateral to the 
inflamed hind paw with MPEP did not affect the devel- 
opment of mechanical hyperalgesia. 

3.2, Hyperalgesic effects of peripherally applied 
glutamate receptor agonists 

In order to provide pharmacological evidence for the 

functional expression of mGlu5 receptors in the periph- 
ery, we compared the ability of various ionotropic and 
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metabotropic glutamate receptor agonists to produce 
mechanical hyperalgesia when microinjected into the 
non-inflamed rat hind paw (Fig. 2(a)). The rank order of 
potency of glutamate receptor agonists (L-glutamate > 
CHPG = DHPG > NMDA = AMPA > LY3 14582 > 
L-AP4) indicated that the endogenous ligand, L-gluta- 
mate (1-100 nmole), produced the most potent hyperalg- 
esic effect with a 50% decrease in paw withdrawal thres- 
hold at the earliest test, 30 min following i.pl. 
microinjection. NMDA, AMPA, the group I mGlu 
receptor agonist DHPG and the selective mGlu5 receptor 
agonist, CHPG (Schoepp et al, 1999), all produced 
mechanical hyperalgesia when microinjected into the rat 
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Fig. 2. Naive rats were used to examine the hyperalgesic effects of 
glutamate receptor agonists. The baseline PWT was measured and then 
each rat received an i.pl. microinjection (10 p.1) of a glutamate receptor 
agonist, (a) Decreases in naive rat PWT (meanlSEM) were measured 
30 min following i.pl, administration of 0.001-0.1 |imole of different 
excitatory amino acid receptor agonists. An asterisk denotes a signifi- 
cant difference from the vehicle-treated group (P<0.05). (b) Inhibition 
of CHPG (0.1 jimole), glutamate (0.1 ^mole) or DHPG (0.1 ^lmole) 
induced mechanical hyperalgesia (meanlSEM) 30 min following i.pl. 
co-administration of 0.03, 0.1 or 0.3 Jimole MPEP. DHPG-induccd 
mechanical hyperalgesia was not inliibited following co-administration 
of 0,03, 0.1 or 0.3 nmole 4-CPG, or following injection of MPEP 
(0.03, 0.1 or 0.3 |imole) into the contralateral (contra.) hind paw. An 
asterisk denotes a significant difference from the vehicle-treated 
group (P<0.05). 



hind paw. However, the group EI mGlu receptor agonist, 
L-AP4 (Schoepp et al., 1999), did not produce a signifi- 
cant decrease in paw withdrawal threshold, and the 
group n mGlu receptor agonist, LY314582 (100 nmole; 
Monn et al., 1997), produced only a slight decrease in 
paw withdrawal threshold (Fig. 2(a)), Co-microinjection 
of MPEP with either glutamate, DHPG or CHPG 
resulted in a dose-dependent inliibition of agonist- 
induced mechanical hyperalgesia (Fig. 2(b)), whereas 
the mechanical hyperalgesia produced by DOT G was not 
affected by co-administration of the mGlu 1 receptor 
antagonist 4-CPG (Schoepp et ah, 1999; fig. 2(b)), How- 
ever, when MPEP was microinjected into the contralat- 
eral paw there was no effect on DHPG-induced mechan- 
ical hyperalgesia (Fig. 2(b)), thereby ruling out a 
possible systemic effect following i.pl. administration. 

3.3. In vivo measurements of spinal cord neuronal 
activity 

If stimulation of mGlu5 receptors on the peripheral 
terminals of primary afferent neurons results in primary 
afferent activation, then it should be possible to measure 
changes in the activity of WDR dorsal horn neurons fol- 
lowing application of a mGlu5 receptor agonist to the 
peripheral receptive field. To demonstrate this, dorsal 
hoiTi neurons receiving peripheral nociceptive (high- 
threshold) and non-nociceptive (low-threshold) afferent 
input were recorded in anaesthetized rats following 
microinjection of the mGlu5 receptor agonist, CPIPG, to 
their peripheral receptive fields. Peripheral microinjec- 
tion of CHPG produced spontaneous firing of dorsal 
horn WDR neurons at a fi-equency and duration signifi- 
cantly above that produced by the vehicle control (Fig. 
3(a,c)). This activation was inhibited by the co-microin- 
jection of MPEP (Fig. (a,c)). MPEP microinjected into- 
the receptive field on its own did not produce a signifi- 
cant effect on dorsal horn WDR neuron activity. These 
data demonstrate that an mGlu5 receptor agonist acting 
in the periphery is capable of evoking long lasting acti- 
vation of WDR neurons in the spinal cord, and this can 
be prevented by the mGlu5 receptor antagonist MPEP. 

3.4, mGluS receptor-like immunoreactivity in rat ORG 
and skin 

Staining with a specific polyclonal antiserum raised 
against the mGluS receptor, as described previously by 
Valerio et al. (1997), revealed immunoreactivity in per- 
ipheral nerve fibres in glabrous skin fi:om naive rat hind 
paw (Fig. 4B--D). Nerve fibres were identified by co- 
staining with a neurone specific anti-piD tubulin anti- 
body (Fig. 4(A,C,D)). 

Fig. 5 shows double staining using TSA of a DRG 
section fi*om a naive animal, co-stained for mGlu5 recep- 
tor and VRl (vanilloid receptor 1) which is expressed 
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Fig 3. Injection of CHPG, an iiiGluS receptor agonist, into Uie peripheral receptive field of identified WDR dorsal horn neurons nroduces firing 
Ee^t of the neuro,«. (a) Post-stimulus histogram of action potentials evoked by intraplantar bolus injection of C^^^^^^^^^ 
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on many nociceptors (Tominaga, et al., 1998). Many of 
the neuron cell bodies express both of these receptors. 
(Controls without the VRl or without the TSA step 
showed no VRl staining.) Together, the mGlu5 distri- 
bution by immunohistochemistry suggests that mGlu5 
receptor protein is constitutively expressed on a sub- 
population of peripheral sensory neurons, some of which 
are nociceptors, and their axons. 



4. Discussion 

The expression of the mGlu5 receptor in various 
regions of the brain and spinal cord has been studied in 
detail (Shigemoto et al., 1993; Romano et al., 1995; 
Valerio et al., 1997; Boxall et al., 1998a). In the rat spi- 
nal cord mGlui receptors are predominantly expressed 
in the superficial layers of the dorsal horn where 
nociceptive primary afferent neurons terminate (Valerio 
et al., 1997; Berthele et al., 1999; Jia et al., 1999). We 
compared the central vs. peripheral effects of MPEP by 



examining the reversal of inflammation-induced mech-. 
anical hyperalgesia by the local microinjection of MPEP 
into the rat hind paw. Interestingly, neither i.t nor i.c.v. 
microinjection of MPEP produced a significant effect on 
paw withdrawal thresholds in the inflamed rat hind paw. 
However, when administered directly to the inflamed 
hind paw the same doses of MPEP produced significant 
reversal of mechanical hyperalgesia. The lack of effect 
of MPEP when administered via central routes was 
unpredicted, as previous studies have indicated a role of 
dorsal horn group I mGlu receptors in acute nociception 
(Fisher and Coderre, 1996a,b; Young et al, 1997). 
Nevertheless, several of these studies have indicated that 
these intrathecal anti-nociceptive effects are likely 
mediated by the blockade of mGlul receptors (Boxall et 
al., 1998b; Salt and Turner, 1998; Neugebauer et al., 
1999) or ablation of mGlul receptors by intrathecal anti- 
sense administration (Young et al., 1998). The role of 
dorsal hom mGlu5 receptors in inflammatory nocicep- 
tion is more controversial ' (see Stanfa and Dickenson, 
1998; Jia et al, 1999) and intrathecal application of 
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Fig. 4. Immunoliistochemical staining of rat skin sections with a rabbit polyclonal antibody recognizing themGliiSa receptor (bar=20 [im for all 
panels). (A-C) Different representations of a nerve fibre arborizing in the epidermal layer of glabrous skin (dotted line marks the border between 
the dermis and epidermis). (A, B) Separate images from (C). (A) Neuronal piII t^ibulin (green) staining, while (B) is the separate image of the 
red fluorescence (mGlu5 receptor). The two colours show overlap over the neuronal profile in (C). (D) Photomicrograph of a peripheral nerve 
trunk in the dermis (below the dotted line) of the rat skin. Green fluorescence represents neuronal tubulin, and red, mGlu5 receptor staining. Note 
that mGlu5a receptors are expressed only in a certain fraction of the nerve fibres. All photomicrographs were processed with a Leica confocal 
microscope with a 60x oil immersion objective. 




Fig. 5. Cryostat section (ban=10 ^m for each panel) of adult rat DRG co-labelled with rabbit antibodies recognizing (A) mOluS and (B) VRI 
(see Section 2). Many neurons label with both antibodies. Thick arrows mark neuronal cell bodies that label strongly with both mGlu5 and VRI 
antibodies. Tliin arrows mark neurons expressing only mGlu5 and the chevron labels a neuron expressing only VRI. 



mGlu5 receptor antagonists has failed to reduce 
inflammatory hyperalgesia in rats in previous reports 
(Zahn and Brennan, 1998). 

The exact role of dorsal horn mGlu5 receptors in 
nociceptive processes is still poorly understood, but there 
is an emerging consensus that they may be involved in 



the modulation of ionotropic glutamate receptor- 
mediated responses (Boxall et al., 1998a; see also Ala- 
garsamy et al., 1999a,b). Interestingly, the activity of 
individual neurones can either be facilitated or inhibited 
by the activation of group I mGlu receptors (Stanfa and 
Dickenson, 1998). The diverse nature of the activation 
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of individual cell types by group I agonists may be 
• explained, in part, by the complex pattern of mGlu5 
receptor expression by different types of neurons in the 
dorsal horn. (Valerio et al., 1997; Jia et al., 1999). One 
population of cells showing mGlu5 receptor immunore- 
activity have been characterized as inhibitory intemeu- 
rones by double-labelling immunofluorescence (Jia et al., 
1999). It is possible that at least some of these cells are 
GABAergic inhibitory intemeurones, as the activation of 
mGlu receptors has been shown to facilitate the inhibi- 
tory effects of GABA in the spinal cord in vivo (Bond 
and Lodge, 1995). This complex configuration of mGlu5 
receptor expression may contribute to induction of 
inhibitory and excitatory events during primary afferent 
activation (Stanfa and Dickenson, 1998). 

Regardless of die role of mGlu5 receptors in spinal 
nociceptive processes, our results suggest that mGluS 
receptors expressed by primary afferent neurons are also 
involved in nociception, particularly that associated with 
inflammation. The functional expression of mGlu5 
receptors by primary afferent neurons is consistent with 
the results of Crawford, and colleagues, who recently 
demonstrated that increases in intracellular calcium con- 
centration could be stimulated in ral cultured dorsal root 
ganglion neurons by the mGlu5 agonist CHPG 
(Crawford et al., 1999). 

Previous studies have established that excitatory 
ami^no acids, including glutamate, are released at the site 
of inflammation in the periphery, and that glutamate 
itself causes hyperalgesia when injected into the rat skin 
(Lawarid et al., 1997; Omote et al., 1998; Fiorentino et 
al., 1999). There are several possible cellular sources of 
glutamate in peripheral tissues, including the release 
from peripheral terminals of primary afferent neurons 
(Omote et al., 1998; De Groot and Carlton, 1998). By 
extending the comparison of the dose-response relation- • 
ships for the hyperalgesic effects of different ionotropic 
and metabotropic glutamate receptor agonists we found 
that, in addition to the endogenous agonist, L-glutamate, 
significant hyperalgesia was also produced by tiie mGlu5 
receptor agonist, CHPG. These agonist-induced hyper- 
algesic effects could be antagonized by local adminis- 
tration of the mGlu5 antagonist, MPEP. In contrast, 4- 
CPG did not affect the development of DHPG-induced 
hyperalgesia. Although 4-CPG is neither a highly selec- 
tive nor a highly potent mGlul receptor antagonist (Salt 
et al., 1999; Kingston et al., 1995), it has been shown 
to discriminate between mGlul and mGlu5 receptor- 
mediated activity in cultured rat neurons (Brabet et al 
1995). The lack of effect of 4-CPG on DPHG-induced 
hyperalgesia does not provide evidence of a local mGlul 
receptor-mediated component. Nevertheless, it is poss- 
ible that the lack of effect of 4-CPG might have been 
due to its poor potency or distribution following local 
administration to the hind paw and therefore we cannot 
completely rule out the possibility that mGlul or other 



mGlu receptors are also functionally expressed on per- 
ipheral neurons. 

These pharmacological studies were further supported 
by the results of electrophysiological investigations 
which showed that intraplantar microinjection of CHPG 
induced an increase in the spontaneous firing of dorsal 
horn WDR neurons. Together these in vivo studies dem- 
onstrate that a mGlu5 receptor agonist acting in the per- 
iphery is capable of evoking mechanical hyperalgesia 
and long lasting activation of WDR neurons in the spinal 
cord, and that these effects can be prevented by periph- 
eral application of a selective mGlu5 receptor antagonist. 

Immunohistochemical investigations supported the 
localization of mGlu5 receptor protein by neurons in 
skin sections taken from the plantar surface of hind paws 
from untreated rats. This would suggest that mGlu5 
receptors are expressed constitutively at both the central 
and peripheral terminals of a subset of primary afferent 
neurons. Moreover, a proportion of the mGlu5 express- 
ing neurons also express the capsaicin receptor, VRl, 
which is associated with nociceptive sensory neurons.' 
These results are consistent with those of Valerio et al. 
(1997), who have previously demonstrated that mGlu5 
receptor protein is predominantly expressed in a subset 
of DRG neurone cell bodies, particularly those of small 
diameter. Taken together, these results provide strong 
evidence for a fijnctional role of peripheral mGlu5 recep- 
tors in inflammatory hyperalgesia, and support the 
hypotheses raised by Carlton, Westlund and colleagues, 
for the involvement of excitatory amino acids in periph- 
eral nociceptive transmission (Carlton et al., 1995; Dav- 
idson et al., .1997; Lawand et al, 1997). 

To date, only two classes of drugs are available for 
the treatment of inflammatory pain, non-steroidal anti- 
inflammatory analgesics and opioids. However, chronic 
use of both NSAIDs and opioids for the treatment of 
persistent inflammatory pain is hampered by toxicity or 
CNS side-effects. The discovery of peripherally 
expressed mGlu5 receptors supports a role for excitatory 
amino acids in peripheral nociceptive processes. Com- 
pounds that can selectively antagonize mGlu5 receptor 
activity at peripheral neurones may provide a new mech- 
anistic approach for the management of persistent 
inflammatory pain that avoids the potential for adverse 
CNS side-effects. 
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1 Several lines of evidence suggest a crucial involvement of glutamate in the mechanism of action 
of anxiolytic and/or antidepressant drugs. The involvement of group I mGlu receptors in anxiety 
and depression has also been proposed. Given the recent discovery of a selective and brain 
penetrable mGlu5 receptor antagonists, the effect of 2-methyl-6-(phenylethynyl)-pyridine (MPEP), 
i.e. the most potent compound described, was evaluated in established models of anxiety and 
depression. 

2 Experiments were performed on male Wistar rats or male Albino Swiss or C57BL/6J mice. The 
anxiolytic-like effects of MPEP was tested in the conflict drinking test and the elevated plus-maze 
test in rats as well as in the four-plate test in mice. The antidepressant-like effect was estimated using 
the tail suspension test in mice and the behavioural despair test in rats. 

3 MPEP (1-30 mg kg"') induced anxiolytic-like effects in the conflict drinking test and the 
elevated plus-maze test in rats as well as in the four-plate test in mice. MPEP had no effect on 
locomotor activity or motor coordination. MPEP (1-20 mg kg"') did shorten the immobility lime 
in a tail suspension test in mice, however it was inactive in the behavioural despair test in rats. 

4 These data suggest that selective mGlu5 receptor antagonists may play a role in the therapy of 
anxiety and/or depression, further studies are required to identify the sites and the mechanism of 
action of MPEP. 
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Keywords: mGlu5 receptors; MPEP; conflict drinking test; four-plate test; plus-maze test; tail suspension test; anxiety; 
depression 
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L-5-HTP, L-5-hydroxy tryptophan; mGluR, metabotropic glutamate receptors; MPEP, 2-methyl-6-(phenylethy- 
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Introduction 

Glutamate is the major excitatory neurotransmitter in the 
brain, and as such involved in several physiological and 
pathological conditions (Wroblewski & Danysz, 1989; 
Danysz et ai, 1996). Glutamate acts at two classes of 
receptors, the ionotropic and the metabotropic glutamate 
receptors (mGIu receptors) (Monaghan et ai, 1989; Conn & 
Pin, 1997). Metabotropic glutamate receptors are a family of 
eight G-protein coupled receptors which are classified into 
three groups according to their sequence homology, effector 
coupling and pharmacology. Group I mGlu receptors 
(mGlul and mGlu5) are positively coupled to phospholipase 
C; group II mGlu receptors (mGlu2 and mGlu3) and group 
III mGlii receptors (mGlu4, mGlu6, mGlu? and mGluS) are 
negatively coupled to adenylate cyclase (Conn &. Pin, 1997). 
Activation of group I mGlu receptors leads to a transient 
increase in intracellular calcium via the production of 
inositol-trisphosphates (Conn & Pin, 1997). Generally, it 
has been shown that activation of group I receptors enhances 
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or facilitates the excitatory effects of glutamate by modula- 
tion of ion channel activity (Conn & Pin, 1997). Antagonists 
of group I mGlu receptors have been proposed to exhibit 
potential positive therapeutic effects (Bruno et al., 1994; 
Conn & Pin, 1997) in CNS disorders related to excessive 
excitatory neurotransmission such as epilepsy, ischaemia and 
pain (Nicoletti et aL, 1996; Conn & Pin, 1997). 

Several lines of evidence suggest an important role for 
glutamate in anxiety and depression (Wiley et al., 1995; 
Skolnick et aL, 1996; Danysz & Parsons, 1998; Skolnick, 
1999). Involvement of group I mGlu receptors in psychiatric 
conditions such as depression and anxiety has also been 
proposed. It has been shown that antagonists of group I 
mGlu receptors exert anxiolytic-like effects after intrahippo- 
campal injection in rats (Chojnacka-Wojcik et aL, 1997); and 
that antidepressant treatment influences group I mGlu 
receptors in the hippocampus (Bajkowska et aL, 1999; Pile 
et aL, 1998). 

Up to now studies concerning involvement of mGlu5 
receptors in CNS functions were largely based on compounds 
which have only limited selectivity between mGlul and 
mGlu5 receptor subtypes (Nicoletti et aL, 1996; Conn & Pin, 
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1997) and which do not penetrate into the brain. Only 
recently, novel, selective and systemically active compounds 
have been described (Varney et aL, 1999; Gasparini et a!., 
1999). The most potent of this series is 2-methyl-6- 
(phenylethynyl)-pyridine (MPEP), a noncompetitive antago- 
nist with an IC50 of 36 nM at the human mGluSa receptor in 
the PI hydrolysis assay but no significant eflfect at other 
metabotropic or ionotropic glulamate receptors (Gasparini et 
ai, 1999). To evaluate whether MPEP has anxiolytic-or 
antidepressant-like effects, we studied its effects in several 
models of anxiety or depression in rats and mice. 

Methods 

Animals and housing 

The experiments were performed on male Wistar rats (200- 
250 g) and male Albino Swiss or male C57BL/6J mice (22- 
26 g). The animals were kept on a natural day -night cycle at 
a room temperature of 19-2 rc, with free access to food and 
water. Each experimental group consisted of 6-10 najve 
animals/dose. In rats, all injections were given in a volume of 
2 ml kg"*, and in mice in a volume of 10 ml kg"'. 
Experiments were performed by an observer blind to the 
treatment. All experimental procedures were approved by 
Animal Care and Use Committee at the Institute of 
Pharmacology, Polish Academy of Sciences in Krakow. 

Drugs 

2-Methyl-6-(phenylethynyl)-pyridine (MPEP) was synthesized 
as described previously (Gasparini et a!., 1999). MPEP and 
diazepam (Polfa-Poznan, Poland) were suspended in a 1% 
aqueous solution of Tween 80. Imipramine hydrochloride 
(Polfa-Starogard Gdariski, Poland) and L-5-hydroxy trypto- 
phan (L-5-HTP; Sigma, St. Louis, MO, U.S.A.) were 
dissolved in sterile saline. MPEP was administered intraper- 
itoneally (i.p.) or perorally (p.o.), diazepam, imipramine and 
L-5-HTP were administered i.p. All compounds were given at 
60 min before the tests. 

Conflict drinking test (Vogel test) 

A modification of the method of (Vogel et aL, 1971) 
described below was used. On the first day of the experiment, 
the rats were adapted to the test chamber for 10 min. It was a 
plexiglass box (27 x 27 x 50 cm), equipped with a grid floor of 
stainless steel bars and a drinking bottle containing tap 
water. After the adaptation period, the animals were deprived 
of water for 24 h, and were then placed in the test chamber 
for another 10 min adaptation period, during which they had 
a free access to the drinking bottle. Afterwards, they were 
allowed a 30 min free-drinking session in their home cage. 
After another 24 h water deprivation period, the rats were 
again placed in the test chamber and were allowed to drink 
for 30 s. Immediately afterwards, drinking attempts were 
punished with an electric shock (0.5 mA). The impulses were 
released every 2 s (timed from the moment when a preceding 
shock was delivered), between the grid floor and the spout of 
the drinking bottle. Each shock lasted for 1 s and if the rat 
was drinking when an impulse was released, it "received a 



shock. The number of shocks accepted throughout a 5 min 
experimental session was recorded. MPEP (0.3, 1 and 
lOmgkg"', i.p.) and diazepam (lOmgkg"', i.p.) were 
administered 60 min before the test. 

Shock threshold and free-drinking tests 

To control the possibility of drug-induced changes in the 
perception of a stimulus or in the thirst drive, which might 
have contributed to the activity in the conflict drinking test, 
stimulus threshold measurements and a free-drinking experi- 
ment were also carried out. In both cases, the rats were 
treated before the experiment in the same manner as described 
in the conflict drinking test, including two 24 h water 
deprivation periods separated by 30 min of water availability. 
In the shock threshold test, the rats were placed individually 
in the box, and electric shocks were delivered through the grid 
floor. The shock threshold was determined stepwise with 15 s 
shock free intervals by manually increasing the current (0.1, 
0.2, 0.3, 0.4, 0.5 mA). The shock lasted for 1 s and was 
delivered through the grid-floor until a rat showed an 
avoidance reaction (jump or jerk) to the electric stimulus. 

In the free-drinking test, each animal was allowed to drink 
from the water spout. Licking was not punished. The total 
.amount of water (ml), consumed in 5 min, was recorded for 
each rat. MPEP (1 and 10mgkg-^ i.p.) was administered 
60 min before the test. 

Water intake test 

The rats were housed and tested in individual cages 
(40 X 27 X 1 5 cm), with free access to food and water at all 
times. On the day of the test, water bottles were weighed at 
the time of drug administration. Water was presented 
immediately after drug injection. Water intake (ml) was 
recorded at 1, 2, 4, 6 and 24 h time points. L-5- 
hydroxytryptophan (L-5-HTP) was used as a reference drug 
(Rowland et al, 1987). MPEP (1 and 10 mg kg"', i.p.) and 
L-5-HTP (20mgkg-', i.p.) were administered immediately 
before the test. 

Elevated plus-maze test 

The construction and the testing procedure of the elevated 
plus-maze were based on a method described by Pellow & 
File (1986). Each rat was placed in the centre of the plus- 
maze, facing one of the enclosed arms immediately after a 
5 min adaptation in a wooden box (60 x 60 x 35 cm). During 
a 5 min test period, two experimenters, who were sitting in 
the same room approximately 1 m from the end of the open 
arms, recorded the number of entries into the closed or the 
open arm, as well as the time spent in each type of arms. The 
entry with all four feet put onto one arm was defined as an 
arm entry. At the end of each trial the maze was wiped clean. 
MPEP (1, 3 and 10 mg kg"', i.p. or 10 and 30 mg kg-», p.o.) 
and diazepam (1.25, 2.5 and 5 mg kg"', i.p.) were adminis- 
tered 60 min before the test. 

Four-plate test 

The box is made of an opaque plastic and has the shape of a 
rectangle (25 x 18 x 16 cm). The floor is covered with four 
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rectangular metal plates (I IJ x 7.7 cm) separated by a gap of 
4 mm. The plates are connected to a source of direct current 
and the 180 V difference of potential between two adjacent 
plates occurs for 0.5 s when the experimenter presses a 
switch. Single mice were placed gently onto the plate, and 
allowed to explore for 15 s. Afterwards, each time a mouse 
passed from one plate to another, the experimenter electrified 
the whole floor, which evoked a visible flight reaction of the 
animal. If the animal continued running, it received no new 
shocks for the following 3 s. The number of punished 
crossings was counted for 60 s (Aron et ai, 1971). MPEP 
(3, 10 and 30 mg kg"', i.p.) and diazepam (2 mg kg'', i.p) 
were administered 60 min before the test. 

Rota-rod test 

Mice were preselected 1 h before the test on the rotating rod 
(3 cm in diameter, 6 r.p.m). Those staying on the rotating 
road for 2 min (approximately 95% of animals) were placed 
again on the same rotating rod after drug administration and 
were observed for 2 min. The number of animals falling from 
the rota-rod within 2 min was recorded. MPEP (30 mg kg"*, 
i.p.) was administered 60 min before the test. 

Open field test 

The studies were carried out with rats according to a slightly 
modified method of Janssen et al. (1960). The centre of the 
open arena (1 m in diameter), divided into six symmetrical 
sectors without walls, was illuminated with a 75 W electric 
bulb hung directly 75 cm above it. During all the experiments 
the laboratory room was dark. Individual control or drug- 
injected animals were placed gently in the centre of the arena 
and were allowed to explore freely. The time of walking, 
ambulation (the number of crossing of sector lines) and the 
number of rearing and peeping episodes (looking under the 
edge of the arena) were recorded for 3 min. MPEP (3 and 
10 mg kg-*, i.p.) was administered 60 min before the test. 

Behavioural despair test 

The studies were carried out on rats according to the method 
of Porsolt et al. (1978). Briefly, the rats were placed 
individually into a glass cylinder (height 40 cm; diameter 
18 cm) containing. 15 cm of water, maintained at 25°C. After 
1 5 min they were removed to a drying room (30°C) for 
30 min. They were replaced in the cylinder 24 h later and the 
total duration of immobility was measured during a 5 min 
test. MPEP (0.1, 1 and lOmgkg"', i.p.) and imipramine 
(30 mg kg-', i.p.) were administered 60 min before the test. 

Tail suspension test 

Immobility was induced by tail suspension according to the 
procedure of Steru et al. (1985). C57BL/6J mice were hung 
individually on a plastic string, 75 cm above the table top 
with an adhesive tape placed ca. I cm from the tip of the tail. 
Duration of immobility was recorded for 8 min. Mice were 
considered immobile only when they hung passively and 
completely motionless. MPEP (0.1, 1, 10 and 20mgkg-', 
i.p.) and imipramine (20 mg kg"', i.p.) were administered 
60 min before the test. 



Analysis of the data 

The data obtained were presented as means ±s.e.mean and 
evaluated using one-way ANOVA, followed by Dunnett's 
post hoc determination, using GraphPad Prism version 3.00 
for Windows 97 (Graph Pad Software, San Diego CA, 
U.S.A.). 



Results 

Conflict drinking test in rats 

MPEP, which at a dose of 0.3 mg kg"' was not effective, at 
doses of 1 and 10 mg kg"' i.p. significantly (F (3,30)= 11.193, 
P< 0.001), increased the number of shocks (by 330 and 
507%, respectively) accepted during the experimental session 
in the Vogel test (Figure 1), The maximal effect of MPEP at a 
dose of lOmgkg"' was comparable to that seen with 
diazepam at a dose of 10 mg kg"'. At the efi'ective doses in 
the conflict drinking test, neither the threshold current 
(0.4 + 0.04 mA) nor the water intake (10.6 + 0.6 ml) were 
changed compared to vehicle treatment (Table I). As a 
control water intake in non-deprived rats was also evaluated; 
MPEP tested at doses effective in the conflict drinking test (1 
or 10 mg kg-') had no significant effect on water consump- 
tion, while L-5-HTP (20 mg kg"') used as a standard drug 
(Rowland et aL, 1 987) significantly increased the water intake 
(Table 2). 

Plus-maze test in rats 

The total number of entries (open + closed arm entries) 
observed with control rats during the 5 min test session was 
about six in the. present set of experiments and was taken as 
100%. In control rats 32.7, 34,4 and 38.5% of the entries 
were made into the open arms (Table 3). and 8.7, 9.0 and 
10.9% of the total time (255 s) spent in the arms (either type) 
was spent in the open arms. MPEP administered at a dose of 
1 mg kg**' i.p. did not change the entries into and time spent 
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Figure 1 Effects of MPEP and diazepam in the conflict drinking 
test in rats. MPEP and diazepam were administered i.p. at 60 min 
before the test. The given values represent the mean±s.e.mean of the 
number of shocks accepted during a 5 min experimental session, 
/f = 7-9, ♦* /'<0.0I vs control group. 
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Table 1 The effect of MPEP on the shock threshold and the amount of water consumed in water deprived rats 



Compound 

Vehicle 
MPEP 



Dose 
mg kg "* 

1 

10 



Shock threshold 
(mA) 

0.4+0.04 
0.4+0.03 
0.3 + 0.01 



MPEP was administered i.p. 60 niin before tests. Values are the means +s.e.mean, /i = 7. 



Heater consumption 
(ml) 

10.6±0.6 
ll.4±0,3 
9.9 ±0.6 



Table 2 Effects of MPEP and L-5-HTP on the amount of water intake in water non-deprivated rats 



Compound 

Vehicle 
MPEP 
MPEP 
L-5-HTP 



Dose 
mg kg"* 

1 

10 
20 



1 h 

1.0 ±0.4 
0.8 ±0.5 
0.6 ±0.1 
2.8 ±0.8* 



Water consumption (ml) 
2h 4h 6h 

2.1 ±0.5 2.4±0.6 2.7±0.6 

1.4±0.4 !.6±0.6 1.8±0.6 

1.5+0.5 l.7±0.5 l.8±0.6 

3.8±0.8* 4.0±0.9* 4.1 ±0.9* 



24 h 

35.4 + 2.1 
32.3±1.I 
33.1 ±2.7 
39.4±3.3 



MPEP and L-5-HTP were administered i.p. immediately before the test. The values are the means ± s.e.mean, w«=6. */'<0.05 vs vehicle 
group. 



Table 3 The effects of MPEP and diazepam in the plus-maze test in rats 



Compound 


Dose 
mg kg"' 


% of time 
in open arms 


% of open 
arm entries 


Vehicle 
MPEP 

Vehicle 
MPEP 

Vehicle 
Diazepam 


I i.p. 
3i.p. 
10 i.p. 

10 p.o. 
30 p.o. 

1.25 i.p. 
2.5 i.p 
5i,p. 


8.7 + 0.5 

16.2 ±5.8 
45.1+7.1** 
73.8±8.3** 

9.0+1.9 
15.0 ±2.4 
63.7+12.3** 
10.9+1.1 

20.3 + 5.5 
47.2±5.3* 
70.4+10.9** 


32.7 ±5.2 
38.7±8.2 

48.3 ±2.2 

67.7 + 6.7** 

34.4 ±3.9 

29.1 ±4.4 
62.6±9.2* 
38.5±3.1 

45.2 ±8.9 

73.8 ±4.2* 
76.2 ±8.8** 



MPEP was administered i.p. or p.o. and diazepam i.p. 60 min before the test. Values are the means ± s.e:mean, i? = 6-7, *P<0,05 
**/'<0.01 vs respective vehicle group. ' 



in the open arms. When given at doses of 3 and 10 mg kg~' 
i.p. it significantly (F (3,24) = 22.978, /'< 0.001) dose- 
dependently increased the time spent in the open arms (up 
to 45 and 74%, respectively), and the percentage of entries 
into the open arms (up to 48 and 68%, respectively, F 
(3,24) = 5.678, /><0.01) (Table 3). MPEP at doses of 3 and 
lOmgkg"' i.p. significantly increased (by 64%) the total 
number of entries and reduced (by about 25%) the total time 
spent (data not shown) in the arms (either type). After p.o. 
administration higher doses of MPEP were required to. 
induce significant behavioural changes: at the dose of 
30 mg kg-* (but not 10 mg kg"*) MPEP significantly (up to 
64%, F (2,16)= 14.249, P<0.001) increased the percentage of 
the time spent in the open arms and the percentage of entries 
into the open arms (up to 63%, F (2,16) = 7.295, /*<0.01). 
MPEP given p.o. in both doses used did not change the total 
number of entries nor the total time spent in the arms (either 
type). Diazepam, i.e. the positive standard, administered in a 
dose of 1.25 mg kg"' i.p. was ineffective in that test, however 
when given at doses of 2.5 and 5 mg kg"' i.p. it significantly 
(F (3,22)= 14.52, y'<0.001) increased the percentage of the 
time spent in the open arms (up to 47 and 70%. respectively), 
as well as the percentage of entries into the open arms (up to 



74 and 76%, respectively (F (3,22) = 5.871, P< 0.01) (Table 
3). Diazepam at a dose of 5mgkg~' (but not lower) 
significantly reduced (by 52%) the total number of entries 
(data not shown). 

Open field test in rats and rota-rod test in mice 

MPEP at doses of 3 and lOmgkg"' i.p. did not change 
exploratory locomotor activity in rats (F (2,18) = 2; 0.273; 

0. 011, U.S.), as evaluated by the open field test (Table 4). 
MPEP at a dose of SOmgkg"' i.p. did not disturb 
endurance performance on the rotating rod in mice (data 
not shown). 

Four-plate test in mice 

MPEP administered at 30mgkg-* i.p. slightly but signifi- 
cantly increased (by 39%) the number of punished crossings 
in the four-plate test (Figure 2), lower doses of the compound 
(3 and 10 mg kg"') did not affect the number of punished 
crossings in that test (F (3,36) = 3.240, /'<0.05). Diazepam, 

1. e. the positive standard, in a dose of 2 mg kg"' increased 
the number of crossings by 70%. 
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Table 4 The effect of MPEP on the exploratory activity in the open field test in rats 



Exploratory activity 

Dose Time of Peeping 

Compound mg kg ~ ' walking (s) Ambulatiifn + rearing 

Vehicle - 44.9 + 2.7 I4.6±1.4 - 99±J2 

MPEP 3 44.3+1.7 15.1 ±0.5 10.4 + 0.8 

10 44.9 ±4.3 18.3±2.0 U.l±1.5 

MPEP was administered i.p. 60 min before the test. Values are means ± s.e.mean, n = 6. 



IMPEP 




300-, 



mgkg' 



Figure 2 Effects of MPEP and diazepam in the four-plate test in 
mice. MPEP and diazepam were administered i.p. 60 min before the 
test. The given values represent the mean ± s.e.mean of the number of 
shocks accepted during a 1 min experimental session, /i=IO. 
*/'<0.05 vs control group. 
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Figure 3 The effects of MPEP and imipramine on the total duration 
of immobility in' the forced swimming test in rats. MPEP and 
imipramine were administered i.p. at 60 min before the test. Values 
represent the mean ± s.e.mean of the immobility time during a 5 min 
experimental session, n = 9-10. ♦* P<0.01 vs control group. 



Behavioural despair test in rats and tail suspension test in 
mice 

MPEP in doses of 0.1, 1 and 10 mg kg"^ i.p. did not change 
the behaviour of rats in the behavioural despair test, while 
imipramine, 30 mg kg"', used as standard drug, significantly 
(F (6,49) = 25.02, P<Qm\) decreased the immobility time in 
that test (Figure 3). 

MPEP used in doses of 1, 10 and 20 mg kg~' 
significantly (by 55% after the highest, dose), (F 
(3,28)= 15.47, /»< 0.001) decreased the immobility time of 
mice in the tail suspension test. Its efficacy was similar to 
that of imipramine (20mgkg-*). used as the positive 
standard (Figure 4). 



Discussion 

Anxiolytic-iike effects of MPEP 
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Figure 4 The effects of MPEP and imipramine on the total duration 
of immobility in the tail suspension test in mice. MPEP and 
imipramine were administered i.p. at 60 min before the test. Values 
represent the mean + s.e.mean of the immobility time during a 8 min 
experimental session, /i = 9-10. ** P<0.0\ vs control group. 



Benzodiazepines which are the most commonly used 
anxiolytic drugs, act via facilitation of the inhibitory 
GABA-ergic transmission. Benzodiazepines are effective 
agents, but disadvantageous side effects such as sedation, 
ataxia and abuse liability are associated with their adminis- 
tration. Decreased glutamatergic transmission, which leads to 
overall inhibitory effects in the central nervous system may 
have consequences similar to the effect of increased GABA- 
ergic transmission. Hence substances which inhibit stimula- 
tory glutamatergic neurotransmission may possess anxiolytic 



effects. Indeed, antagonists of ionotropic glutamate receptors 
exhibit an anxioly tic-like activity in animal models (Stephens 
et aL, 1986; Bennett et ai, 1989; Jessa et ai, 1996), however 
the potential clinical utility of competitive and noncompeti- 
tive NMDA antagonists is strictly Hmited by their undesirable 
side effects (Danysz & Parsons, 1998). 

Substances which influence mGlu receptors, including 
agonists of group II mGluR and antagonists of group I 
mGluR, can also exert an inhibitory function in the brain 
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(Conn & Pin 1997), Our earlier data have shown that (S)-4- 
carboxy-3-hydroxyphenylglycine (S-4C3H-PG), an antagonist 
of group I mGluR, exhibits anxiolytic-like activity in animals 
(Chojnacka-Wojcik et ai, 1997). However, S-4C3H-PG is 
also an agonist of group II mGIuR (Sekiyama et al,, 1996) 
and agonists of group II mGluR exert anxiolytic-like eflfects 
in animals (Helton et al., 1998; Klodzihska et al,, 1999). 

In order to further investigate the involvement of group I 
mGlu receptors in anxiety, we decided to evaluate the action 
of the selective antagonist of the mGluS receptor MPEP, 
which is devoid of agonist activity on group II mGlu 
receptors and which penetrates into the brain (Gasparini ei 
al., 1999). An anxiolytic-like eflfect of MPEP was evaluated in 
three behavioural tests: the rat Vogel test (Vogel et al., 1971), 
the elevated plus-maze test (Pellow & File, 1986), and the 
four-plate test in mice (Aron et al., 1971). In the elevated 
plus-maze test the total number of entries (open + closed arm 
entries/test session) is taken as an index of drug effect on the 
locomotor activity, but this is a relatively insensitive measure 
(Dawson & Tricklebank, 1995). MPEP caused a small but 
significant increase in the total number of entries into the 
arms of the maze, but did not change the exploratory activity 
of rats in the open field test. Therefore, the increase in the 
percentage of the open arm entries/time spent on the open 
arms induced by MPEP is likely to reflect a specific anti- 
anxiety effect and can not be explained by competing 
behaviour such as exploration. This is further supported by 
the anxiolytic-like effects of MPEP in two conditioned 
response paradigms, i.e. the Vogel test and the four-plate 
test. In the Vogel test in rats the action of MPEP was not 
related to reduced perception of the stimulus or to an 
increased thirst drive. Preliminary findings of anxiolytic-like 
effects of MPEP in unconditioned response tests (social 
exploration test, stress-induced hyperthermia and marble 
burying test (Spooren et al., 2000), suggest, that MPEP 
exhibits anxiolytic effects in various rodent models of anxiety. 
Taken together, all the data suggests that MPEP produces 
potential anti-anxiety effects and indicate an involvement of 
mGlu5 receptors in anxiety. 

The hippocampus is involved in anxiety (Gray, 1982) and 
effects of different anxiolytics, including a variety of agents 
acting upon the glutamatergic system (e.g. Przegalinski et al,, 
1997). In the hippocampus, a high expression of mRNA for 
group I mGlu receptors (see Testa et al., 1998), as well as the 
high immunoreactivity of group I mGlu receptors (Shigemoto 
et al., 1997; Blumcke et al., 1996) were found. That structure 
is also intensely immunolabelled by mGluRS antibody (Lujan 
et al., 1996). The ability of S-4C3H-PG, an antagonist of 
group I mGlu receptors to produce anxiolytic responses in 
the Vogel test after intrahippocampal administration (Choj- 
nacka-Wojcik et al., 1997), further suggests that this structure 
might be related to anxiolytic effects of group I mGlu 
receptor antagonists including MPEP. To verify that 
hypothesis experiments with intra-hippocampal injections of 
the MPEP are in progress. 
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ABSTRACT 

Recently, selective and systemlcally active antagonists for the 
metabotropic glutamate 5 receptor (mGlUg) were discovered, 
and the most potent derivative was found to be MPEP (2- 
methyl-6-(phenylethynyl)pyridine). Given the high expression of 
mGlUg receptors in limbic forebrain regions, it was decided to 
evaluate the anxiolytic potential of MPEP, After an acute oral 
administration, MPEP attenuated the anxiety-dependent vari- 
able in a variety of well established anxiety test paradigms. In 
rats, MPEP (10, 30, and 100 mg/kg) increased punished re- 
sponses in the Geller-Seifter test, but none of these effects 
reached statistical significance. MPEP significantly increased 
the ratio (open/total arm entries; 0,1, 1, and 10 mg/kg), the 
number of open anm entries (0.1, 1, and 10 mg/kg), as well as 
time spent on open arm (0.1 and 1 mg/kg) in the elevated plus 



maze test. Furthermore, MPEP (0.3 and 1 mg/kg) significantly 
increased the time spent in social contact in the social explo- 
ration test. In mice, MPEP attenuated stress-induced hyper- 
thermia (15 and 30 mg/kg) and decreased the number of buried 
marbles in the marble burying test (7.5 and 30 mg/kg). Finally, 
MPEP (0.01, 0.1, 1, 10, and 100 mg/kg) was tested on spon- 
taneous locomotor activity in mice, and only a dose of 100 
mg/kg significantly reduced vertical activity; no effect was seen 
on horizontal activity. MPEP (7.5, 15, and 30 mg/kg) was inef- 
fective on d-amphetamine-induced (2.5 mg/kg) locomotor ac- 
tivity in mice and prepulse inhibition In rats (1, 3, or 10 mg/kg). 
Thus, these findings Indicate that MPEP exhibits anxiolytic-like 
effects and low risks for sedation and psychotomimetic side- 
effects in rodents. 



It is widely accepted that glutamate is the main excitatory 
neurotransmitter in the brain (McGeer et al., 1987). Gluta- 
mate mediates its effect via two distinct t3rpes of receptors, 
i.e., the ionotropic receptors and the metabotropic receptors 
(Monaghan et al., 1989; Conn and Pin, 1997). The family of 
the metabotropic receptors (mGlu) contains of, at present, 
eight different subtypes (Conn and Pin, 1997). On the basis of 
sequence homology, effector couphng, and pharmacology, 
mGlu receptors are divided into three subgroups. The group 
I mGlu receptors (mGlui and mGlug) are positively coupled 
to phospholipase C, and the group II mGlu receptors (mGlu2 
and mGlUg) and the group III receptors (mGlu4, mGlug, 
mGluy, and mGlus) are negatively coupled to adenylate cy- 
clase (Pin and Duvoisin, 1995; Conn and Pin, 1997). 

Drugs targeting ionotropic receptors have so far failed to 
qualify as therapeutics, not because of lack of efficacy but 
mainly due to the induction of severe and persistent side- 
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effects, i.e., most prominently psychotomimetic effects 

(Danysz et al., 1996). Currently, agonists or antagonists ^f 
metabotropic glutamate receptors are believed to have a 
milder side effect profile and, accordingly, compounds specif- 
ically interacting at these receptors have been proposed as 
potential new therapeutics for a number of neurological and 
psychiatric disorders (Knopfel et al., 1995; Conn and Pin, 
1997; Nicoletti et al., 1997). However, these hypotheses orig- 
inate from speculations based on the expression pattern of 
distinct mGlu-subtype receptors in the central nervous sys- 
tem and on the effects of nonselective compounds, which do 
not discriminate between distinct mGlu-receptor subtypes. 

After the discovery of selective and systemically active 
antagonists for the mGlug receptor, it is now possible to study 
the potentisd role of this receptor subtype in behavior and 
disease models (Gasparini et al., 1999). In cells expressing 
the human mGlug receptor, the most potent derivative, 
2-methyl-6-(phenylethynyl)pyridine (MPEP), completely in- 
hibited quisqualate-stimulated phosphoinositide hydrolysis 



ABBREVIATIONS: mGlu, metabotropic glutamate receptor; MPEP, 2-methyl-6-(phenylethynyl)pyridine; SIH, stress-induced hyperthermia; PPP, 
prepulse pulse; PA, pulse alone; PPI, prepulse Inhibition; {+)-MK801. (5/?.10SH+)-5-methyl-10.1lTdlhydro-5H-diben2o[a,dlcyclohepten-5,10- 
imine hydrogen maleate. 
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with an IC50 value of 36 nM. When tested at group II and III 
receptors, MPEP did not show agonist or antagonist activity 
at 100 /jlM on human mGlug, mGlug, inGlu4a, mGluTi,, and 
mGlusa receptors nor at 10 /jlM on the human mGlug recep- 
tor. Electrophysiological recordings in Xenopits laevis oocytes 
demonstrated no significant effect at 100 /xM on human 
NMDA (NMDA1A/2A), rat AMPA [Glu3-(flop)], and human 
kainate [Glu6-(IYQ)] receptor subtypes nor at 10 piM on the 
human NMDA1A/2B receptor (Gasparini et al., 1999). MPEP 
was also tested in a binding battery of receptors containing 
representatives of monoamine receptor subtypes (adrenaline, 
dopamine, serotonine), muscarinic, nicotinic, neurokinin, 
GABA-A, GABA-B, and adenosine receptors. MPEP did not 
show significant binding affinity for any of the receptors 
tested up to a concentration of 10 fxM (F. Gasparini, manu- 
script in preparation). Furthermore, when tested for oral 
bioavailabihty and blood-brain barrier penetration, MPEP 
was found to be well absorbed and to readily penetrate the 
brain 1 h after administration (F. Gasparini, manuscript in 
preparation). 

mGlug receptors are widely expressed in the central ner- 
vous system with a particularly high expression in the hip- 
pocampus, the nucleus accumbens, and the striatum but also 
in the internal and external pallidal segments and the sub- 
stantia nigra pars reticulata (Shigemoto et al., 1993; Testa et 
al., 1994; Romano et al., 1995). These brain areas are well 
known to represent key elements in the so-called cortico- 
basal gangha-cortico circuitry (Albin et al., 1989; Chesselet 
and Delfs, 1996), i.e., circuits involved in emotional processes 
such as anxiety (Duncan et al., 1996). Thus, given the high 
expression of mGlug receptors in limbic forebrain regions, it 
was decided to evaluate the potential of MPEP in a multi- 
plicity of well established animal models of anxiety as re- 
cently reviewed by OHvier et al. (2000) and Rodgers (1997), 
that included a variety of nonconditioned and conditioned 
anxiety models with a wide range of different behaviors and 
motivations. In addition, the effect of MPEP on locomotion 
was studied to obtain an index of the specificity of anxiolytic 
action as well as its effect on d-amphetamine-induced loco- 
motor activity to explore the mechanism of action of MPEP- 
mediated effects. Finally, to investigate also the potential for 
psychotomimetic side-eflfects, MPEP was tested on prepulse 
inhibition (PPI). 

Materials and Methods 

Social Exploration 

Animals. Adult male Sprague-Dawley rats (= "resident" rats; 
OFA/IC, Iffa Credo, Les Oncins, France; 350-400 g) and young 
Lister Hooded rats (="intruder" rats; LI/HO, Harlan, Horst, The 
Netherlands; 100-120 g) were used. Intruder rats were housed in 
pairs and resident rats were individually housed in macrolon cages 
(42 X 26 X 15 cm) for 2 weeks before the test. All animals were 
housed in the same room. The housing fadlity was temperature- and 
humidity-controlled and equipped with artificial illumination (6:00 
AM to 6:00 PM, lights on). The animals had access to water and food 
(Ecosan, Eberle Nafag AG, Gossau, Switzerland), ad libitum. All rats 
were experimentally naive. 

Drug Treatment and Experimental Procedure. Animals re- 
ceived MPEP [doses: 0.003, 0.3, or 1 mg/kg (experiment 1) or 1 or 10 
mg/kg (experiment 2); the results of the first experiment suggested a 
bell-shaped dose-response effect and the second experiment was 
used to further explore these findings], chlordiazepoxide-HCl (5 mg/ 



kg, p.o.; CDZ, Research Biochemicals International, Natick, MA), 
i.e., the reference compoimd, or vehicle (0.5% methylcellulose; 
Animed). The injection volume was 2 ml/kg. Oral treatment was 
given to the intruder rat only, and the test was performed 1 h after 
drug administration. All obsjervations were made during the light 
phase (8:00 AM to 1:00 PM) in the home cage of the resident rat (see 
above). The floor of the cage was covered with sawdust. Pairs con- 
sisting of one intruder rat and one resident rat were assigned at 
random to one of the experimental or the control groups. The dura- 
tion of active approach behaviors (=time spent in social activity) of 
the intruder rat (sni£Eing, anogenital exploration, nosing, grooming, 
licking, playing) toward the resident was manually scored and cu- 
mulatively recorded over a period of 5 min. 

Statistics. The statistical evaluation was performed on pooled 
data of two independent experiments [dependent variable: time 
spent in social contact (see above)] using a one way ANOVA followed 
by Dimnett's test for comparison of multiple dose levels against 
vehicle (SigmaStat 2.03; SPSS, Chicago, XL). 

Elevated Plus Maze 

Animals. Male adult Sprague-Dawley rats (IflFa Cr^do, Les 
Oncins, France; 180-220 g) were housed in groups of four in macro- 
Ion cages (42 X 26 x 15 cm) for at least 3 days before the experiment. 
The housing facility was temperature- and humidity-<:ontrolled and 
equipped with artificial illumination (6:00 AM to 6:00 PM, lights on). 
Tlie animals had access to water and food (Ecosan, Eberle Nafag 
AG), ad libitum. All animals were experimentally naive. 

Apparatus. The elevated plus-ma2e consists of two open arms 
(40 X 12 cm) and two enclosed arms (40 x 12 x 20 cm), which all 
extend from a common central platform (12 X 12 cm). The configu- 
ration forms the shape of a plus sign, with similar arms arranged 
opposite to each another, and the appai*atus is elevated 60 cm above 
the floor on a central pedestal. The maze is made from gray Plexi- 
glas. The grip on the open arms is facilitated by inclusion of a small 
raised edge (0.25 cm) aroimd their perimeter. 

Drug Treatment and Experimental Procedure. The method 
was adopted fi-om Handley and Mithani (1984). Rats were randomly 
allocated to one of the various treatments. Animals were transported 
from the housing room to the laboratory at least 1 h before testing. 
After oral drug administration, rats were individually housed in 
macrolon cages (22 X 16 X 14 cm), and after 60 min placed onto the 
central platform facing an enclosed arm. An 8-min trial was per- 
formed, and the maze was thoroughly cleaned between subjects. 
Direct registrations were made by an observer sitting close to tiie 
maze, and the following conventional parameters were used: number 
of open and closed arm entries (arm entry defined as all four paws 
entering an arm) and time spent on open arms (excluding the central 
platform). Animals fi-om the different treatment groups were alter- 
natively tested, and trials were performed between 8:30 AM and 
12:30 PM, i.e., within the first half of the light phase. 

Rats were treated with MPEP [doses: 0.1, 1, or 10 mg/kg, p.o. (n = 
15 per group)], chlordiazepoxide-HCl (10 mg/kg, p.o.; Research Bio- 
chemicals International), i.e., the positive control, or vehicle (0.5% 
methylcellulose; Animed). 

Statistics. For each behavioral parameter a separate ANOVA 
was performed followed by Dunnett's multiple comparison test to 
compare different dose levels against vehicle (SYSTAT 8.0; SPSS). 

Stress-Induced Hyperthermia and Marble Burying 

Animals. Male mice (OFl/IC; Iffa Credo, Les Oncins, France; 
18-20 g) were housed in macrolon cages (42 x 26 x 15 cm; m = 15 per 
cage) in the laboratory in which the animals were later tested. The 
room was temperature-controlled and equipped with artificial illu- 
mination (6:00 AM to 6:00 PM^ lights on). The animals had free 
access to water and food (Ecosan, Eberle Nafag AG), ad libitum. All 
mice were experimentally naive. 
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Stress-Induced Hyperthermia. The test procedure for stress- 
induced hyperthermia (SIH) was adopted with minor modification 
from the original description by Lecd et al. (1990). Briefly, rectal 
temperature was measured to the nearest O.VC by a thermometer 
(ELLAB instruments, Copenhagen, Denmark) via a lubricated ther- 
mistor probe (2-mm diameter) inserted 20 mm into the rectum while 
the mouse was hand-held near the base of the tail. The probe was left 
in place until steady readings were obtained (within 15 s). 

Drug Treatment and Experimental Procedures. Fifteen an- 
imals were hpused per macrolon cage (42 x 26 x 15 cm). At least 24 h 
before the experiment animals within a cage were marked on their 
fur with color for later identification. Sixty minutes before taking the 
rectal temperature all individuals within a given cage were consec- 
utively treated at 1-min intervals with MPEP (doses: 1.5, 7.5, 15, or 
30 mg/kg, P.O.; injection volume: 10 ml/kg), chlordiazepoxide-HCl (10 
mg/kg, P.O.; Research Biochemicals International), i.e., the positive 
control, or vehicle (0.5% methylcellulose; Animed). Exactly 60 min 
later the mice were consecutively removed from the cage (again at 
1-min intervals), and rectal temperature was determined and noted. 
Once temperature had been recorded, the animals were placed in a 
difTerent (adjacent) cage. The dependent variable, i.e., the stress- 
induced hyperthermia, was defined as the delta of the median rectal 
temperature within the six initially removed mice and the median 
rectal temperature within the six last removed mice within a cage. 
This delta was calculated for six to eight cages depending on the 
specific treatment group (see Fig. 3 legend), whereas in the final 
representation the mean of these six to eight values was used. The 
rectal temperature of the very first animal was used, in addition, to 
evaluate the compound's potential effect on basal body temperature, 
per se. 

Marble Burying. The test procedure for marble burying was 
adopted with minor modifications from the original description of 
Broekkamp et al. (1986). Briefly, the first two mice removed from the 
cage while assessing stress-induced hyperthermia were used in the 
marble burying test. The animals were individually placed in small 
cages (22 X 16 x 14 cm) in which 10 marbles had been equally 
distributed on top of a 5-cm sawdust bedding. The mice were left 
undisturbed in these cages for 60 min; after removal of tiie mouse the 
number of visible, nonburied marbles (i.e., less than two-thirds cov- 
ered by sawdust) was co\mted and this number served as the depen- 
dent variable. 

Statistics. Stress -induced hyperthermia (delta of rectal temper- 
ature) and marble burjdng (number of visible marbles) were statis- 
tically evaluated using a Kruskal-Wallis one-way ANOVA followed 
by a post hoc one-tailed Mann-Whitney U test, Bonferroni corrected 
(SYSTAT8.0). 

Geller-Selfter Conflict Test in Rats 

Animals. Male Wistar rats (Elevage Janvier, Le Genest-Saint- 
Isle, France; 180-240 g) were housed in macrolon cages (41 x 25 x 
14 cm; n = 5 per cage). The animal room was temperature-controlled 
and equipped with artificial illimiination (6:00 AM to 6:00 PM, lights 
on). The animals had access to water and food (UAR, Villemoisson- 
sur-Orge, France), ad libittun. All rats were experimentally naive. 

Drug Treatment and Experimental Procedures. The method 
applied here was adopted from Geller and Seifler (1960) and in- 
cluded the modification put forward by Davidson and Cook (1969). 
Animals were trained in sound-attenuated standard Skinner boxes 
(23 X 21 X 18 cm; MED Associates, St. Albans, VT), which were 
fitted with a white house light, a red signal Hght, a lever (force 
necessary to depress lever: 25 g), and a food pellet dispenser. The 
lever was positioned on the right side of the food receptacle, which 
was itself connected to the pellet dispenser. The Skinner boxes were 
connected to a MED-PC programming system that controlled the 
experiment and automatically collected the data. 

Training Procedure. Rats were submitted to daily training ses- 
sions (15 min) according to a variable interval, 15-s reinforcement 
schedule. In this schedule, only those responses occurring after vari- 



able intervals (mean value: 15 s) were rewarded. These reinforced 
responses consisted of the delivery of a 45-mg food pellet (Noyes, 
Lancaster, UK). The rats were then submitted to three nonpunished 
periods of 3 min each, signaled by the presence of the white house 
light, alternated with two punished periods of 3 min each, signaled 
by the presence of a red signal fight, during which lever pressing was 
simultaneously reinforced and punished with electric foot-shock ac- 
cording to a variable ratio reinforced schedule (punished periods). 
Reinforcement and shocks were given after a variable number of 
responses (mean value: 10) and foot-shocks (0.4 mA, 0.5 s) were 
delivered by a scrambled shock generator (model E1308; Coul bourn 
Instruments, San Diego, CA). Daily sessions lasted 15 min. The 
animals received a p.o. administration of distilled water 60 min 
before each session. In addition to the food pellets consumed in the 
Skinner box, animals received a 15-g food ration in their home cages. 
This amount of food was given after the last animal was tested and 
represented around 80% of the unlimited daily food intake. 

Three dependent variables were used: 1) The number of punished 
responses — ^the total number of presses on the lever during the 
punished periods; 2) The number of shocks — the total number of 
shocks the animal received during the punished periods; and 3) The 
number of nonpunished responses — the total number of lever- 
presses during the nonpimished periods. 

Drug Testing Procedure. Drug testing was started once the rats 
showed stable baseline performance and had demonstrated a posi- 
tive response to the reference anxiolj^ic chlordiazepoxide-HCl (16 
mg/kg, p.o.; CDZ, Research Biochemicals Inteniatioual). Sessions 
with MPEP (doses: 10, 30, or 100 mg/kg, p.o.) were run twice weekly 
with at least one drug-free training session (oraKtreatment with 
distilled water) in between. During the training phase, drug sessions 
lasted 15 min and the food regime was similar to the training period. 
Each animal was used as its own control and received all treatments 
in a randomized order to ensure even distribution of the different 
treatments in time. Test drug or vehicle (0.5% methylcellulose) was 
administered 60 min before the test. Each of the eight rats was 
always tested in the same Skinner box and at the same time of day. 

Statistics. Data were analyzed using a paired Student's t test, 
which was Bonferroni -corrected. 

Spontaneous Locomotor Activity Test 

Animals. Male OFl/IC mice (Iflfa Cr6do, Les Oncins, France; 
18-20 g) were housed in macrolon cages (42 x 26 X 15 cm, n = 10 per 
cage) in a temperature-controlled room under artificial illumination 
(6:00 AM to 6:00 PM, lights on) and had access to water and food 
(Ecosan, Eberle Nafag AG), ad libitum. 

Drug Treatment and Experimental Procedures. Mice re- 
ceived an oral injection of MPEP (doses: 0.01, 0.1, 1, 10, or 100 mg/kg, 
p.o. (experiment 1), or 7.5, 15, or 30 mg/kg, p.o. (experiment 2)) or 
vehicle (0.5% methylcellulose; Animed). Subsequently, the animals 
were individually placed into locomotor activity cages (17 X 32 X 20 
cm; Motron motility, Novartis AG), and the number of beam inter- 
ruptions at two different heights (2.5 and 11 cm) was registered for 
120 min and used to quantify horizontal and vertical activity, respec- 
tively. 

Statistics. A separate one-way ANOVA was used to evaluate total 
horizontal or vertical activity counts in a 120-min period of registra- 
tion (SYSTAT 8.0). 

d-Amphetamine-lnduced Locomotor Activity 

Animals. Male OFl/IC mice (Iflfa Cr6do, Les Oncins, France; 
18-20 g) were housed in macrolon cages (42 X 26 X 15 cm, /i = 10 per 
cage) in a temperature-controlled room under artificial illumination 
(6:00 AM to 6:00 PM, Hghts on) and had access to water and food 
(Ecosan, Eberle Nafag AG), ad libitum. 

Drug Treatment and Experimental Procedures. Horizontal 
locomotor activity was assessed in transparent Plexiglas boxes (di- 
mensions: 19 X 31 X 16 cm), and activity was detected and registered 
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using the TSE Moti system (TSE, Bad Homburg, Germany), which is 
based on the registration of infrared light beam interruptions along 
the X, y, and z axes, as caused by an animal's movements; data were 
directly stored in a computer. Mice were individually placed in the 
Plexiglas boxes and allowed to habituate for 45 min. Then the ani- 
mals were removed from the boxes and injected with MPEP (7.5, 15, 
or 30 mg/kg, p.o.) or its solvent (methylcellulose, 0.5%) and then 
immediately returned to their respective boxes. Fifteen minutes 
later the animals were again removed from the boxes and injected 
with d-amphetamine (2,5 mg/kg, i.p.) or its solvent (distilled water). 
The animals were again immediately returned to their respective 
locomotor boxes, and the horizontal locomotor activity was registered 
for the next 120 min. The dose of d-amphetamine was chosen to allow 
either inhibition or potentiation to be seen. 

Statistics. A separate two-way ANOVA (factors: -MPEP and d- 
amphetamine) was used to evaluate total horizontal or vertical ac- 
tivity counts during 120 min of registration (SYSTAT 8.0). 

Prepulse Inhibition 

Animals. Male adult Brown Norway rats (Iffa Credo, L'Arbresle, 
France; 214-245 g) were housed in groups of four in macrolon cages 
(42 X 26 X 15 cm) for at least 3 days before the experiment. The 
housing facihty was temperature- and humidity-controlled and 
equipped with artificial illumination (6:00 AM to 6:00 PM, lights on). 
The animals had access to water and food (Ecosan, Eberle Nafag 
AG), ad libitum. All animals were experimentally naive. 

Apparatus. PPI was measured with a commercially available 
Coulboum startle system (Coulboum Instruments), modified such 
that all acoustic stimuli were presented to the animals via a single 
Visaton (Germany) wide range tweeter (type DHT 9 AW-NG) in the 
center of the ventilated, sound-attenuated test chamber. White noise 
was used for background, prepulse, and startle pulse stimuli with a 
frequency range of the tweeter around 4 kHz. Sound pressure levels 
were calibrated on the db-A scale using a Bruel and Kjaer (Copen- 
hagen, Denmark) 4133 microphone and 2209 type meter (Naerum, 
Denmark). The startle response was recorded with a quartz force 
sensor for measuring dynamic and quasistatic forces (Kistler Instru- 
ments AG, Winterthur, Switzerland; type 9203; connected to a Kis- 
tler charge amplifier type 5011, with low pass filter at 300 Hz and 
high pass at 100 s). The sensor was mounted directly below the 
animal enclosure (plastic box covered with metal grid; 16 X 8 x 8 cm) 
and calibrated using weights in the range between 10 and 1500 g. 
The output signal of the charge ampHfier was digitized (sample rate, 
1 kHz for 200 ms, 8-bit) and stored on a microcomputer. 

Drug Treatment and Experimental Procedvures. Animals 
were pretreated with MPEP (1, 3, or 10 mg/kg, p.o.) or vehicle (0.5% 
methylcellulose, 2 ml/kg). Alternatively, animals were u^ected with 
(+)-MK801 (0.1 mg/kg, sx.) or saline (1 ml/kg). 30 mm after the 
administration of (-l-)-MK801, or 60 min after MPEP treatment, 
animals were positioned in the startle test chamber, such that at 
least one subject firom each treatment group was included in each 
session. From session to session, the different treatment groups were . 
assigned to different startle sensors (clockwise rotation). This proce- 
dure was used to rule out artifacts related to sensor and/or session 
differences. Backgroimd noise was continuous at a level of 62 db. 
Acoustic stimuli consisted of a startle-eliciting stimulus of 105 db for 
40 ms and prepulses of 4, 8, or 16 db above background with a 
duration of 20 ms. The startle-eliciting stimulus was presented ei- 
ther alone (pulse alone, PA) or in combination with a prepulse 
presented 100 ms earlier (prepulse pulse, PPP). A startle session 
included an adaptation time of 3 min and subsequently of 63 stimuli. 
The first three stimuli were PA stimuU that were not included in the 
analysis; these merely served to achieve a stable baseline in startle 
reactivity. Subsequently, three blocks of 10 PA stimuli were pre- 
sented (PAl, PA2, and PAS, respectively). The second block included 
in addition 30 PPP stimuli (10 of each type), whereby stimuli in this 
block were presented in randomized order. The interval between 
stimuli was randomized between 9 and 21 s. Startie peak amplitudes 



(g) were estimated for each animal averaged over the 10 stimuli of 
one type. Prepulse inhibition was computed according the formxila, 
%PPI = 100 - 100 X [(PA2 - PPP)/PA21. 

Statistics. For each stimulus type, residts were statistically eval- 
uated using ANOVA with one factor dose, e.g., 0, 1, 3, and 10 mg/kg 
for MPEP or 0 and 0.1 mg/kg for (-H)-MK801 (SYSTAT 8,0). One 
animal (treated with vehicle) was detected as an outlier, indepen- 
dent of the stimulus type used. The data for this animal were ex- 
cluded from the final analysis. 

Results 
Unconditioned Response Tests 

Social Exploration. Chlordiazepoxide (5 mg/kg, p.o,), 
used here as a positive standard, significantly increased the 
time the "intruder" rat spent in active social contact when 
confronted with a "resident" rat (Fig, 1). Similarly, after an 
oral administration, MPEP in doses of 0.3 and 1 mg/kg sig- 
nificantly increased the duration of active social contact (Fig, 
1), After 10 mg/kg MPEP, the effect was less pronounced and 
did not reach the level of statistical significance, potentially 
indicative of a bell-shaped dose-response relation. MPEP was 
ineffective at the very low dose of 0.003 mg/kg (p.o,). 

Elevated Plus Maze. Chlordiazepoxide (10 mg/kg, p.o.), 
used here as a positive standard, exhibited the well known 
anxiolytic pattern: the time spent on open arms and the 
number of open arm entries was significantly increased as 
compared with vehicle-treated controls and this led to a 
significantly elevated ratio (Fig. 2, a-c). MPEP also exliibited 
this typical anxiolytic pattern and increased the ratio.(0.1, 1, 
and 10 mg/kg), the number of open arm entries (0.1, 1, and 10 
mg/kg), and the time spent on open arms (0,1 and 1 mg/kg, 
Fig. 2, a-c). However, chlordiazepoxide as well as MPEP (0.1, 
1, and 10 mg/kg) increased the total number of arm entries 
(Fig. 2d). 

Stress-Induced Hyperthermia. In the vehicle-treated 
cages, stress-induced hjTperthermia was quantitatively com- 
parable to the values reported in literature (+1.0'*C; Fig. 3a). 
Chlordiazepoxide (10 mg/kg, p.o.), used here as a positive 
standard, significantly attenuated stress-induced hyperther- 
mia (SIH; Fig. 3a). MPEP also induced a clear reduction in 
the stress-induced hyperthermia: already a dose of 7.5 mg/kg. 
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Fig. 1. Social exploration test: bars represent the mean time (seconds per 
5-min trial; ± S.E.M.) during which the intruder rat actively explored the 
resident rat. Only the intruder rats were treated, receiving injections of 
MPEP [doses: 0.003 (n = 11), 0.3 in = 11), 1 (n = 22), or 10 mg/kg, p.o. 
(n - 11)1, chlordiazepoxide (CDZ; 5 mg/kg, p.o., n = 21) or vehicle (0 
mg/kg; 0.5% methylcellulose, n = 23). Pretreatment time was 60 min. 
*P < ,05 versus the vehicle-treated group (Dimnett's test). 
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Fig. 2. Elevated plus maze: bars represent means (±S.E.M.) for the ratio (open/total arm entries) (a), the number of open arm entries (b), time (s) on 
open arm (c), and the total number of arm entries following treatment with MPEP (d) (doses: 0.1, 1, or 10 mg/kg, p.o.), chlordiazepoxide (CDZ; 10 mg/kg, 
p.o.) or vehide (0 mg/kg; 0.5% methylcellulose). n = 15 per treatment group. *P < .05, **P < .01, or ***P < .001 versus the control-group (Dunnett's 
test). 



p.o. tended to attenuate SIH (P = .051), but after a treatment 
with 15 and 30 mg/kg, p.o., MPEP attenuated SIH signifi- 
cantly (Fig. 3a). When tested at a dose of 1.5 mg/kg, p.o. 
(separate experiment, data not shown) MPEP was found to 
be ineffective. Note that none of the treatments significantly 
affected basal core body temperature (Fig. 3b). 

Marble Burying. Mice treated with chlordiazepoxide (10 
mg/kg, p.o.) buried significantly less marbles than those 
treated with vehicle (Fig. 4). Mice treated with MPEP also 
buried significantly less marbles (Fig. 4). Although the ef- 
fects after treatment with 7.5 or 30 mg/kg MPEP reached the 
level of significance, the effect of 15 mg/kg failed to reach the 
level of significance (Fig. 4). Note that a low dose of 1.5 
mg/kg, p.o. MPEP, which was tested in a separate experi- 
ment (data not shown), was found to be ineffective. 

Conditioned Response Test 

Geller-Seifter Test. Chlordiazepoxide (16 mg/kg, p.o.), 
i.e., the positive standard, significantly increased both the 
number of punished responses and the number of shocks 
(Fig. 5, a and b, respectively). MPEP (doses: 10, 30, or 100 
mg/kg, p.o.) induced an increase in both the number of pun- 
ished responses (Fig. 5a) and the number of shocks (Fig. 5b). 



Although the effects approached those seen with chlordiaze- 
poxide, the response rate within the MPEP groups was too 
variable and, therefore, the level of statistical significance 
was not reached. Note that neither MPEP (10, 30, or 100 
mg/kg, p.o.) nor chlordiazepoxide (16 mg/kg, p.o.) affected the 
number of nonpunished responses as compared with vehicle 
(Fig. 5c). 

Locomotor Activity 

Spontaneous Locomotor Activity. MPEP (doses: 0.01, 
0.1, 1, 10, or 100 mg/kg, p.o.) had no effect on horizontal 
locomotor activity (Fig. 6a) and significantly reduced vertical 
activity at a dose of 100 mg/kg, p.o. only (Fig. 6b). In a 
separate experiment, when tested at those doses used in the 
SIH and marble burying study, i.e., 7.5, 15, or 30 mg/kg, p.o., 
MPEP was devoid of any significant effect on horizontal or 
vertical locomotor activity (data not shown; see also below). 

Amphetamine-Induced Locomotor Activity. Statis* 
tical significance was only found for horizontal c^-amphet- 
amine-induced locomotor activity (2.5 mg/kg, i.p.): all groups 
treated with rf-amphetamine exhibited a significantly in- 
creased horizontal locomotor activity as compared with vehi- 
cle only (Table 1). However, no statistical significance was 
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Fig. 3, Stress-induced hyperthermia: a, bars represent the mean of the A 
of the rectal temperature (±S.E.M.) per cage of 15 mice 60 min after 
treatment with MPEP (doses: 7.5, 15, or 30 mg/kg, p.o.; n = 8 per group), 
vehicle (0 mg/kg; 0.5% methylcellulose; n = 6), or chlordiazepoxide (CDZ; 
10 mg/kg, p.o,, n = 6). *P < .05, **P < .01 versus vehicle (Mann-Whitney 
C/test). b, bars represent the mean rectal temperature (±S.E.M.) of the 
first mouse within the cage 60 min after treatment with MPEP (doses: 
7.5, 15 or 30 mg/kg, p.o,; n 8 per treatment group), vehicle (0.5% 
methylcellulose; n = 6) or chlordiazepoxide (CDZ; 10 mg/kg, p.o.; n 6). 
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Fig. 4. Marble burying: bars represent the mean (±S.E.M.) number of 
marbles that were visible at the end of the 60-min trial. Mice were treated 
with MPEP (doses: 7.5, 15, or 30 mg/kg, p.o.; n = 16 per group), chlordi- 
azepoxide (CDZ; 10 mg/kg, p.o.; n = 12 mice), or vehicle (0 mg/kg; 0.5% 
methylcellulose; n = 12 mice). **P < .01, ***P < .001 versus vehicle (0 
mg/kg; Mann- Whitney U test). 

found for MPEP (7.5, 15, or 30 mg/kg, p.o.) or the interaction 
between d-amphetamine and MPEP on horizontal or vertical 
locomotor activity (Table 1). 
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Fig. 5. Geller-Seiiier test in rats: bars represent the mean number of 
punished responses (±S.E.M.; Fig. la), received shocks (Fig. lb) and 
nonpunished-responses (Fig. Ic). Rats were treated with MPEP (doses: 
10, 30, or 100 mg/kg, p.o.), chlordiazepoxide (CDZ; 10 mg/kg, p.o.) or 
vehicle (0 mg/kg; 0.5% methylcellulose). Each of the eight rats received' 
each of the five different treatments (pretreatment time, 60 min) in a 
randomized order. *P < .05, **P < .01 (paired t test versus control 
values), ns, not significant. 



Prepulse Inhibition. As expected, the ANOVA indicated 
a highly significant effect for (+)-MK801 (0.1 mg/kg, s.c.) on 
startle amplitude (P < .001) and on PPI (P < .01, P < .001, 
and P < .001 for prepulses of 8, 12, and 16 db above back- 
ground noise, respectively). In contrast, statistical signifi- 
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Fig. 6. Locomotor activity: bars represent the mean (±S.£.M.) number of 
horizontal (a) and vertical (b) activity counts in 120 min of registration 
after treatment with MPEP (doses: 0.01, 0.1, 1, 10, or 100 mg/kg, p.o.) or 
vehicle (0 mg/kg; 0.5% methylcellulose). n = 15 per treatment group. 

TABLE 1 

d-Amphetamine-induced locomotor activity 

Values represent the mean (±S.E.M.) number of total horizontal and vertical activity 
counts (arbitrary units) in 120 min of registration after treatment with MPEP (doses: 
7.5, 15, and 30 mg/kg, p.o.), vehicle only (methylcellulose, 0.5%), or in their respective 
combination with <f-amphetamine (2.5 mg/kg, i.p.). 



Treatment 



Activity Counts ± S.E. 



MPEP 
(p.o.) 


cf-Amphetamine 
(i.p.) 


n 


Horizontal 


Vertical 




mg/kg 




arbitrary units 


0 


0 


15 


14.7 ± 3.2 


95.5 ± 29.7 


7.5 


0 


15 


20.0 ± 4.5 


123.5 ± 33.5 


15 


0 


15 


15.5 ± 3.1 


59.4 ± 20.8 


30 


0 


15 


32.8 ± 10.6 


220.7 ± 90.5 


0 


2.5 


15 


83.1 ± 15.1*** 


123.1 ± 27.0 


7.5 


2.5 


15 


69.1 ± 8.5*** 


77.3 ± 20.9 


15 


2.5 


15 


90.5 ± 14.9*** 


71.5 ± 24.7 


30 


2.5 


15 


80.6 i 14*** 


103.2 ± 45.6 



*** P < .001 versus vehicle only. 

cance was found for MPEP (1, 3, or 10 mg/kg, p.o.) neither on 
startle ampKtude (P > .05) nor the PPI (P > .05; Table 2). 

Discussion 

The recently identified selective and systemically active 
antagonists for the mGlug receptor have made possible the 
experimental study of the consequences of a blockade of this 
receptor subtype in behavior as well as the effect of high 



affinity hgands as a potential treatment of disease states 
(Gasparini et al., 1999; Vamey et al, 1999). Because MPEP 
is one of the most potent derivatives within this series of 
drugs, this compound was 'tested in various rodent models of 
anxiety. These animal models of anxiety can be differentiated 
into two main categories, the so-called conditioned response 
and the so-called imconditioned response paradigms (Rod- 
gers, 1997; Rodgers and Dalvi, 1997; Olivier et al., 2000). 
MPEP was tested in several unconditioned response tests 
(social exploration test, elevated plus maze, stress-induced 
hjrperthermia, and marble burying) and in one conditioned 
response test (Geller-Seifter test). The present data indicate 
that MPEP can exhibit anxiolytic-like activity in several 
rodent models of anxiety. 

To test the prototypical representative of this new class of 
compounds as thoroughly as possible, MPEP was tested in a 
variety of standard, unconditioned test paradigms (Olivier et 
al., 2000). The tests used here can be differentiated and 
described as a model of "social anxiet}^" (assessed in the social 
exploration test in rats), a model of "novelty-induced" anxiety 
(assessed in the marble burjdng test), a model of anxiety in 
an "approach-avoidance conflict" (assessed in the elevated 
plus maze), and finally a model of "anticipatory anxiety" 
(assessed in the stress-induced hyperthermia paradigm in 
mice). In all these unconditioned paradigms, MPEP signifi- 
cantly and positively modulated the "anxiety"-dependent 
variable: anxiolytic-Hke effects were seen in the social explo- 
ration test and in the elevated plus maze in rats. The latter 
findings could also be confirmed in mice (C. Gentsch, unpub- 
lished observation). Given that MPEP, at doses between 0.01 
and 30 mg/kg, p.o., did not alter horizontal or vertical activity 
in mice when exposed to a novel environment, it is unlikely 
that an effect on activity induced by MPEP has biased these 
findings. However, it is important to note that MPEP signif- 
icantly increased the total number of arm entries, i.e., an 
indication of increased activity, although the effect was less 
pronounced as that seen for chlordiazepoxide. Accordingly, 
the effect of MPEP, as seen in these animal models, is indeed 
most likely to reflect anxiolysis. The same line of argumen- 
tation can be used in the SIH paradigm in mice. The princi- 
ple, i.e., hyperthermia induced by anticipatory anxiety. Is 
also a recognized and well described phenomenon in humans 
(Reeves et al., 1985), and autonomic (dys)function is one of 
the items in the diagnosis of generalized anxiety disorders 
(Diagnostic and Statistical Manual of Mental Disorders, 
Fourth Edition). The effect of MPEP on stress-induced hy- 
perthermia can be considered as specific, because the com- 
pound did not affect the core temperature per se: obviously, 
MPEP selectively counteracted the anxiety-dependent vari- 
able. It is worthwhile to note that this particular test differs 
from the other "behavioral" unconditioned response tests in 
that SIH is hypothesized to model autonomic reflexes, which 
are triggered by emotional activation. It is suggested that 
such reflexes exist in various forms of anxiety and potentially 
represent a relatively common expression of anxiety (Lecci et 
al., 1990). 

In the conditioned response paradigm, i.e., the Geller- 
Seifler test, an increase was found for the number of pun- 
ished responses and shocks but, in contrast to the effect 
found after treatment with chlordiazepoxide, the effect of 
MPEP failed to reach significance in both variables; obvi- 
ously, the higher variability in those groups treated with 
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TABLE 2 

PrepuJse inhibition 



Values represent tbe mean (±SJ:.M.) effect of a treatment with MPEP (1. 3. or 10 mg/kg; pretreatment time, 60 min), (+)-MK801 (0.1 mg/kg; pretreatment time, 30 min), 
or their respective vehicles, i.e. 0.5% methylceUuIose or sabne, on startle amplitude (g) and prepulse inhibition (%). 



Compound 


Dose 




Startle Amplitude 






Preptdse Inhibition 




PAl 


PA2 


PA3 


PPP, 8 db 


PPP, 12 db 


PPP, 16 db 


N 




mg/kg 




8 






% 






MPEP (P.O., 60 min) 


0 


196 ± 19 


154 ±25 


147 ± 32 


38 ±6 


60 ±2 


83 ±4 


7 




1 


180 ± 22 


172 ± 20 


141 ± 28 


47 ±2 


61 ±5 


90 ±2 


8 




3 


199 ± 22 


200 ± 15 


168 ± 20 


39 ±7 


57 ±4 


88 ±2 


8 




10 


197 ±23 


196 ± 26 


166 ± 12 


43 ±4 


57 ±6 


90 ±3 


8 


P 




>.05 


>.05. 


>.05 


>.05 


>.05 


>.05 


(+)-MK801 (S.C.. 30 min) 


0 


202 ± 28 


186 ± 26 


140 ±35 


31 ±5 


53 ±4 


86 ± 3 


8 




0.1 


579 ± 29 


526 ± 20 


497 ± 22 


7±5 


18 ±5 


33 ±5 


8 


P 




<.001 


<.001 


<.001 


<.01 


<.001 


<.001 





MPEP (particularly at the 100 mgfkg dose) was fiindamental 
to these statistical findings. The reasons for the higher vari- 
ability as compared with their reaction to chlordieizepoxide 
are at present unclear but might be explained by the fact that 
the animals were preselected per se on their positive re- 
sponse to chlordiazepoxide (see Materials and Methods) in 
combination with the relatively low number of rats per 
group. Preliminary findings in two other conditioned re- 
sponse tests, i.e., fear potentiated startle (M. Koch et al., oral 
communication) and the Vogel test (A. Pile et al., oral com- 
munication), suggest that MPEP exhibits anxiol>i:ic effects in 
this type of tests. It should be mentioned, however, that 
MPEP has analgesic effects in inflammatory pain models in 
rats (Walker et al., 2000a,b), and, accordingly, differences in 
shock perception may (partially) influence the behavioral 
response in conditioned test paradigms. 

Given the high affinity and selectivity of MPEP for mGlug 
receptors as outhned in the introduction, it is safe to assume 
that the effects are indeed mediated by inhibition at this 
glutamate receptor. The medianism of action of MPEP in 
relation to its anxiolytic effect is at present unclear. The fact 
that MPEP neither potentiated nor inhibited rf-amphet- 
amine-induced locomotor activity (this study) or apomor- 
phine-induced climbing (W. P. J. M. Spooren, unpublished 
observation) may indicate that the effect does not involve 
directly or indirectly dopamine or one of its receptors, at least 
in the nonlesioned brain (however, see also Spooren et al., 
2000). This latter observation is, for example, in contrast to 
buspirone, which has been shown to have a dopaminergic 
(antagonistic) component (Koek et al., 1998). Obviously, l5ie 
exact function of mGlug receptors in behavior and anxiety 
remains to be further elucidated in futiure, additional studies. 

The present study used a variety of different paradigms, 
each of which is known to model or reflect different forms/ 
aspects of anxiety. These different behavioral components 
are known to be modulated by anxiolytic drugs, as reported 
in their respective pharmacological validation. With regard 
to active doses, it is a well known fact that the same com- 
pound may act at different dose ranges in distinct models 
(OHvier et al., 2000). The effect of MPEP is in this respect no 
exception: anxiolytic doses of MPEP were variable in distinct 
models. However, given the variety of tests and dose ranges 
used here, a relatively good estimation on the optimal anxi- 
olytic dose range has been obtained and can be proposed for 
future experimental as well as for clinical studies. 

Two final points: 1) All tests described here were per- 



formed after a single administration. Given the fact that in 

humans anxiolytic drugs are administered repeatedly it re- 
mains to be determined as to whether the MPEP-induced 
effects will be retained after subchronic administration. 2) 
From chnical experience it is well known that some of the 
widely used anxiolytics induce unwanted side effects such as 
amnesia, interaction with alcohol, or unfavorable withdrawal 
symptoms after an abrupt cessation of a long-term treat- 
ment. At present it is unknown whether MPEP can be favor- 
ably distinguished with regard to its efficacy and/or its side 
effect profile from the most fi-equently used anxiolytics. How- 
ever, the present study indicated that MPEP up to a dose of 
100 mg/kg induced no marked sedation in mice. In addition, 
MPEP had no effect on PPI, which is indicative for the ab- 
sence of psychotomimetic side effects, i.e., one of the major 
drawbacks that plagued the ionotropic iV-methyl-D-aspartate 
receptor antagonists (Danysz et al., 1996). 

In summary, this present set of data is clearly indicative of 
a potential anxiolytic activity of mGlug receptor antagonists. 
The novel mechanism and the potential absence of sedation 
and psychotomimetic effects as assessed in the spontaneous 
locomotor activity and PPI paradigm, suggest that mGlug 
receptor antagonists may indeed represent a new and safe 
approach for the treatment of anxiety. 
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Assessment of a prepulse inhibition deficit in a mutant 
mouse lacking mGlu5 receptors 
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The glutamate hypothesis of schizophrenia derived from evidence that phencyclldine, a 
noncompetitive A^methyl-D-aspartate (NMDA) antagonist, produces schizophrenia-like symp- 
toms in healthy humans. Sensorimotor gating, measured by prepulse inhibition (PPI), Is a 
fundamental form of Information processing that is deficient In schizophrenia patients and 
rodents treated with NIVIDA antagonists. Hence, PPI is widely used to study the neurobiology 
of schizophrenia. As the use of PPI as a model of gating deficits in schizophrenia has become 
more widespread, it has become increasingly important to assess such deficits accurately. 
Here we Identify a possible role of mGluRS in PPI by using wild type (WT) and mGluRS 
knockout (KO) mice of two different background strains, 129SvPaslco and 0578176. In both 
strains, PPI was disrupted dramatically in the mGIuRS KO mice throughout a range of 
Interstlmulus Intervals and sensory modalities. The present findings further support the 
glutamate hypothesis of schizophrenia and identify a functional role for mGluRS in 
sensorimotor gating. 

Molecular Psychiatry (2004) 9, 35-41. doi:10.1038/sj.mp.4001404 

Keywords: PPI; metabotropic glutamate; mGluRS; startle; prepulse inhibition; knockout mouse 



Prepulse inhibition of the startle response (PPI) 
provides an operational measure of sensorimotor 
gating, a process by v^rhich an organism filters 
extraneous information from the internal and external 
milieu,^'^ In healthy humans, rodents, or nonhuman 
primates, the prepulse stimulus serves to attenuate 
the motor response to the pulse. ^ PPI deficits are 
found in a number of psychiatric populations, most 
notably patients with schizophrenia, obsessive-com- 
pulsive disorder, and Tourette's syndrome/ As a 
model of the gating deficits in schizophrenia, PPI is 
believed to have face, construct, and predictive 
validity.^'^ In humans, PPI is measured via electro- 
myographic recordings of the eyeblink response at the 
orbicularis oculi below the eye.'' In rodents, startle 
can be measured as the whole-body flinch. Glutamate, 
dopamine, and serotonin haye been implicated both 
in the etiology of schizophrenia and the modulation^ 
of PPI.^ Effective antipsychotic agents appear to 
ameliorate PPI deficits in some patients with schizo- 
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phrenia and in rodents given psychotomimetic com- 
pounds.'**® 

The glutamate hypothesis of schizophrenia is 

derived from evidence that phencyclidine (PCP) and 
ketamine, noncompetitive N-methyl-D-aspartate 
(NMDA) antagonists, produce schizophrenia-like 
symptoms in healthy humans,^-® Administration of 
these same compounds to rodents^° " or nonhuman 
primates^^ reduces PPI. The actions of glutamate, 
however, are mediated by both ionotropic and 
metabotropic receptors (mGluRs; activating second 
messenger system cascades involving GTP-binding 
proteins). Molecular cloning has identified eight 
metabotropic receptor subtypes, known as mGluRl- 
8." These receptor subtj^es are divided into three 
groups based on sequence homologies and pharma- 
cological properties." Group I includes mGluRl and 
mGluR5, which are coupled positively to phospholi- 
pase C" and are among the mGluRs^'* concentrated in 
brain regions that regulate PPI." 

Specifically, mGluRS is concentrated in the stria- 
tum, nucleus accumbens, olfactory tubercle, hippo- 
campus, deep cerebellar nuclei, and cerebral cortex.^^ 
Many of these structures, including the striatum, 
nucleus accumbens, and hippocampus, are known to 
modulate PPL" Furthermore, it has recently been 
noted that there is increased neuronal mGluRS in 
pyramidal layers of area 11 in the prefrontal cortex of 
patients with schizophrenia.^^ It has also been 
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suggested that the mGluRS gene on chromosome 11 
might be relevant to an abnormal translocation linked 
to schizophrenia^® and other disorders such as Down 
s)aidrome.^® On the basis of this existing evidence, we 
hypothesized that a mouse lacking mGlu5 receptors 
(mGluRS knockout (KO)) would exhibit an alteration 
in PPI. 

Methods 
Gene targeting 

mGluR5 KO mice were generated as previously 
described.^" The absence of rhGluRS was confirmed 
with an mGluRS antibody (Upstate Biotech). Mutants 
were detected by Southern blot by cutting the 
genomic DNA vdth EcdRl resulting in a wild type 
(WT) band of 5.1 kb and a mutated band of 2.2kb after 
hybridization with an internal probe. 

Subjects 

Subjects were mGluR5 KO (between 21 and 31 g, 
mean weight: 27 g) and WT (between 21 and 28 g, 
mean weight: 24 g) mice of two different background 
strains. All mice were bred homozygously at IFFA 
CREDO (a Charles River facility) in France and 
shipped to San Diego, CA. Upon arrival in San Diego, 
mice were housed by genotype in groups of one to 
four per cage with access to food and water and a 
reversed 12L:12D schedule (lights off at 0900). A 
minimum of 1 week acclimation to the San Diego 
facility preceded behavioral testing. All experiments 
were carried out in accordance with the NIH guide for 
the care and use of laboratory animals (NIH Publica- 
tion No. 8023). All efforts were made to minimize 
animal suffering and to reduce the number of animals 
used. 

Male GluR5 WT and KO mice were tested at N5, 
92% 129SvPasIco and 8% C57BL/6 ('129SvPasIco') or 
92% C57BL/6 and 8% 129SvPasIco ('C57BL/6'). A 
total of 17 KO (nine 129SvPasIco and eight C57BL/6) 
and 20 WT mice (10 of each background), 9-11 weeks 
old were first tested for PPI. At 13-15 weeks old, the 
same mice were tested with multiple pulse intensities 
followed 3 weeks later by a test involving multiple 
interstimulus intervals. Additionally the 129SvPasI- 
co mice were tested with multiple modalities three 
more weeks later. 

Apparatus 

Behavioral testing used four startle chambers (San 
Diego Instruments, San Diego, CA, USA), as described 
previously"'^' Briefly, each ventilated, illuminated 
chamber contained a clear, nonrestrictive Plexiglas 
cylinder resting on a platform and a high-frequency 
loudspeaker that produced both a continuous back- 
ground noise of 65 dB and the various acoustic 
stimuli. Whole-body startle responses of the mouse 
caused vibrations of the Plexiglas cylinder. These 
vibrations were converted to analog signals by a 
piezoelectric transducer attached to the underside of 
the platform, and then digitized and stored by a 



computer. Monthly calibrations were performed on 
the chambers to ensure the accuracy of all acoustic 
stimuli and measurements. 

Test sessions 

Test sessions began with a 5-min acclimation period 
during which the background noise (a 65-dB white 
noise) was presented alone. Presentation of the 65-dB 
background noise then continued throughout the 
remainder of the test session. The initial acclimation 
period was followed by two to four blocks of trials, 
with an average intertrial interval of 15 s (and a range 
of intertrial intervals of 7-23 s). Block one consisted of 
six STARTLE (a 40-ms 120-dB broadband burst) trials; 
block(s) two (and, where presented, three) contained 
six trials of each type described below. When 
presented, block four consisted of six STARTLE trials. 

Basic characterization 

Four trial-types were presented during blocks two 
and three in a pseudorandomized sequence with six 
of each trial type per block. These trial types 
included: a 40-ms broadband 120-dB burst (STAR- 
TLE) and three distinct intensities of PREPULSE trials 
in which 20-ms-long prepulses (consisting of broad- 
band bursts of 69, 73, or 77 dB) preceded the startle 
stimulus by an interstimulus interval of 100 ms 
(prepulse onset to pulse onset). The test session 
lasted for a total of 23 min and contained 72 trials. 

Pulse intensities 

To determine startle threshold and to verify that none 
of the mice were startling to the prepulses, mice were 
exposed to startle stimuli ranging from 65 to 120 dB. 
Each of nine distinct trial-types was presented six 
times in the course of this session. Following the first 
block of six STARTLE stimuli (40 ms long bursts of 
120-dB broadband white noise), all trial types were 
presented in a pseudorandom order during the 
second block. Each trial consisted of a 40-ms broad- 
band burst of one of the following intensities: 65, 69, 
73, 77, 85, 90, 100, 110, or 120 dB. The session 
contained a total of 60 trials and lasted 20 min. 

Interstimulus intervals 

In humans, PPI is elicited at interstimulus intervals of 
50-500 ms (onset of prepulse to onset of pulse^-^). In 
mice, PPI is typically examined using a similar 
interstimulus interval range with an optimum of 
100 ms (see eg Varty et aF^). To examine whether 
the WT and mGluRS KO mice exhibited maximal PPI 
on the same timescale, PPI was observed across a 
range of interstimulus intervals. Eight trial-types were 
presented in four blocks. As described above, blocks 
one and four consisted of six STARTLE trials. Blocks 
two and three each contained six presentations of the 
following trials in a pseudorandom order: the 120 dB 
STARTLE; and seven distinct PREPULSE trials in 
which 20-ms 73-dB stimulus preceded the STARTLE 
by 50, 100, 200, 250, 300, 400, or 500ms from 
prepulse onset to the onset of the STARTLE stimulus. 
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Equal startle 

Owing to the fact that the mGluRS WT and KO mice 
exhibit markedly different startle levels from one 
another, it was necessary to determine whether 
the observed PPI deficit was a function of startle 
magnitude. The data from Experiment 2 were used 
to determine the dB level at which the startle 
magnitude of the 129SvPasIco KO mice was equiva- 
lent to the startle magnitude of the 129SvPasIco 
WT mice elicited by a 120-dB PULSE. Only the 
129SvPasIco mice were used in this experiment 
because the exaggerated startle in the C57BL/6 KO 
mice was so great that equivalent magnitudes 
could not be achieved by adjusting the stimulus 
intensity. Examination of the data from the multiple 
pulse intensities revealed that the response of the 
KO mice to a 105-dB stimulus was equivalent to 
that produced by the WT mice to a 120-dB stimulus. 
Therefore, four trial-types were presented: either 
a 40-ms broadband 120-dB burst (presented to the 
mGluR5 WT mice) or a 40-ms broadband 105-dB 
burst (presented to the mGlxiRS KO mice) (STARTLE); 
three PREPULSE trials in which 20-ms 69. 73, or 
77dB prepulses preceded the startle stimulus by 
100 ms. 



Multimodal 

The experiments described thus far ail utilized 
auditory stimuli. PPI, however, is a multimodal 
phenomenon.^ To ensure that the KO mice were not 
experiencing a simple hearing deficit, we examined 
PPI across a variety of modalities by utilizing a 
mixture of visual prepulses (using a light cue), tactile 
pulses (using an airpuff), and auditory stimuli. Trial- 
types were: the 120-dB STARTLE; a 30-ms 40-psi 
airpuff delivered through a tube inserted into one end 
of the Plexiglas cylinder; a 20-ms 73-dB prepulse 
followed by one of 120 dB; a 77-dB prepulse 
followed by the airpuff after 100 ms; a 100-W light 
on for 100 ms and then off for 100 ms prior to the 
airpuff; the same light stimulus followed by a 120-dB 
STARTLE. 



Data analysis 

Startle magnitude was calculated as the average 
response to the STARTLE trials presented during 
blocks two and/or three of the session. PPI was 
calculated as both percentage and difference 
scores.^^. In 129SvPasIco mice, both measures of PPI 
yielded similar results; in C57BL/6 mice, the marked 
increases in startle made difference scores uninter- 
pretable. All scores are therefore presented as 
percentage scores. Appropriate two-way ANOVAs 
(with gene and, where present, strain as between 
subjects factors and trial type as a within subjects 
factor) were followed, when significant, by 
Student-Newman-Keul post hoc tests. Significance 
was determined by exceeding an alpha level of less 
than 0.05. 



Results 

Experiment 1 — basic characterization 

PPI: A main effect of genotype (F[l,33]=31.32, 
P< 0.0001) indicated that the PPI of the KO mice 
was severely disrupted, while a main effect of strain 
(F[l,33l=4.78, P<0.05) indicated that the C57BL/6 
mice had elevated PPI relative to the 129SvPasIco 
mice (Figure 1). Although there was a significant 
interaction between prepulse intensity and genotype 
(F[2,66]=19.12, P<0.0001), further analysis using the 
Student-Newman-Keul test revealed that the PPI of 
the mGluRS KO was significantly less than the WT at 
all three prepulse intensities (pp4, pp8, and ppl2). A 
separate Student-^Newman-Keul test revealed that a 
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Figure 1 PPI and startle magnitude, (a) Graph depicts PPI 
values for mGluR5 WT and KO mice on a C57B1/6J 
background at three different prepulse intensities (69, 73, 
and 77 dB). Inset shows the startle magnitude of the same 
mice. White bars denote WT values, black bars denote KO 
values. Values are means ±SEM. *P<0.05 (b) Graph depicts 
PPI values for mGluRS WT and KO mice on a 129SvPasIco 
background at three different prepulse intensities (69, 73, 
and 77 dB). Inset shows startle magnitude for the same mice. 
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significant interaction between intensity and strain 
(F[2,66]=3.67, P<0.05) was due to the fact that the 
PPI of the C57BL/6 mice was higher than that of the 
129SvPasIco mice at a prepulse of 4dB above back- 
ground. 

Startle: Main effects of genotype (F[l,33]=37.88, 
P<0.0001) and strain (F[l,33]=12.54, P<0.005) were 
found (Figuire 1, inset). These results indicated that 
the KO mice had a larger startle response to the 120- 
dB pulse than did the WT mice. In addition, the 
129SvPasIco mice exhibited a higher startle response 
than the C57BL/6 mice. The strain by genotype 
interaction approached but did not reach statistical 
significance (F[l,33]=3.16, P=0.0845). 

Experiment 2— multiple pulse intensities 
Although the deficit in PPI observed in mGluRS KO 
mice is consistent with a reduction in sensorimotor 
gating, alternative explanations needed to be consid- 
ered. The elevated startle reactivity in the KO mice 
could signify a reduced threshold for startle elicita- 
tion such that the KO mice might have startled in 
response to the prepulse stimuli. We therefore 
measured startle responses elicited by various acous- 
tic intensities. Main effects of both genotype 
(F[l,31]=25.92, P<0.0001) and strain (F[l,31]=6.64, 
P<0.05) were found. A marginal strain by genotype 
interaction (F[l,31]=4.10, P< 0.0515) was also evi- 
dent, as were an intensity-by-gene interaction 
(F[9,279]=18.76, P<0.0001), an intensity by strain 
interaction {F[9,279]=5.52, P< 0,0001), and an inten- 
sity-by-strain-by-gene interaction (F[9,279]=3.87, 
P< 0.001). A Student-Newman-Keul analysis revealed 
that when presented with the background noise of 
65 dB, the C57BL/6 mice showed higher basal motor 
activity than did the 129SvPasIco mice. Nevertheless, 
the KO and WT mice reacted comparably to the 
background noise and startled comparably to all of 
the stimuli 4-25 dB above background. Beginning at 
90 dB (ie 25 dB above background), the KO mice of 
both strains show a higher startle response than do 
the WT mice. Since the most intense prepulses used 
in the above experiments were 77 dB, it does not 
appear that the KO mice were startling in response to 
the prepulse stimuli. The 129SvPasIco mice exhibited 
a higher startle response than the C57BL/6 mice 
beginning at 100 dB (Figure 2). 

Experiment 3 — interstimulus intervals 
PPI exhibits temporal specificity in terms of the 
optimal interval between prepulse and pulse onsets. 
To determine whether the deficit in PPI in the KO 
mice reflected a shift in a timing function, we used a 
single prepulse intensity (73 dB, 8dB above back- 
ground) and a range of interstimulus intervals. A 
main effect of genotype (F[l,31]=13.71, P< 0.001) 
indicated that, as expected, the PPI of the KO mice 
was severely disrupted (data not shown). An inten- 
sity-by-strain-by-gene interaction (F[6,186]=3.67, 
P< 0.005) was also observed. Student-Newman-Keul 
analyses revealed that the KO mice exhibited im- 
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Figure 2 Pulse intensities. Startle magnitude at multiple 
pulse intensities ranging from 65 to 120 dB. Circles denote 
C57B1/6J WT, squares denote C57B1/6J KO, upward 
triangles denote 129SvPasIco WT, and downward triangles 
denote 129SvPasIco KO mice. Values are means ±SEM. 
*P<0.05. 



paired PPI (as compared to WT mice) at all inter- 
stimulus intervals examined. In addition, the 
129SvPasIco mice exhibited significantly worse PPI 
than the C57BL/6 mice when the interval between the 
prepulse and the pulse was 300 ms or longer. As in 
schizophrenia patients,^^ no shift from the 100 ms 
optimum was observed in the KO mice. Thus, the PPI 
deficit in mGluR5 KO mice is not due to an 
abnormality in the temporal fimction characteristic 
of PPI. 

Experiment 4 — equal startle 

PPI is calculated for each aniinal using the startle 
magnitude values obtained on the STARTLE trials. It 
is therefore possible, despite the numerous reports of 
dissociations between PPI and startle magnitude (see 
eg Paylor and Crawley^*), that the putative PPI deficit 
of the mGluRS KO mice is in fact a reflection of their 
exaggerated startle magnitude. We therefore sought to 
equalize the startle magnitude of the responses of the 
WT and KO mice. To do so, we utilized the data from 
Experiment 2, determining the decibel level at which 
the startle response of the l29SvPasIco KO mice most 
closely resembled that of the 129SvPasIco WT mice to 
the 120-dB stimulus. As anticipated based on the 
design of the experiment, the mGluR5 WT and KO 
mice did not differ in their startle magnitude 
(F[1,15]<1; Figure 3). Nevertheless, the mGluR5 KO 
mice exhibited lower PPI than their WT counterparts 
(F[l,15l=10.60, P<0.01; Figiu^e 3). 

Experiment 5 — multimodal 

In schizophrenia, deficits are observed in both 
intramodal and cross-modal PPI." The studies pre- 
sented above rely solely' on acoustic stimuli. As such, 
the observed deficit might be due to an abnormality in 
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Figure 3 PPI with equal startle magnitudes. PPI values for 
WT and KO mice on a 129SvPasIco background. All mice 
received prepulses of 69, 73, and 77 dB. WT mice received 
pulses of 120 dB and KO mice received pulses of 105 dB. 
Startle magnitudes at these intensities are shown in the 
inset. White bars denote WT values, black bars denote KO 
values. Values are means ±SEM. *P<0.05. 



auditory processing as opposed to sensorimotor 
gating. Accordingly, 129SvPasIco mice were tested 
with different modalities of prepulses and pulses. In 
addition to an acoustic prepulse (8dB above back- 
ground), a light prepulse was presented. Acoustic and 
tactile (airpuff) startle stimulus intensities were 
adjusted to produce similar startle magnitudes, which 
did not differ between WT and KO mice in this study 
(Figure 4). Again, the mGluRS KO mice exhibited 
less acoustic-acoustic PPI (F[l,17]=5.80, P<0.05). 
Similar deficits in PPI were observed when an 
acoustic prepulse preceded a tactile pulse (F[l,17]= 
10.34, P< 0.005; Figure 4) and when a light prepulse 
preceded an acoustic pulse (F[l,17]=17.22, P< 0.001). 
In the latter case, a negative mean value for PPI was 
observed, suggestive of prepulse facilitation, but this 
result cannot be considered facilitation due to the size 
of the error bars. When a light prepulse preceded a 
tactile pulse, not only was PPI highly variable, but the 
WT mice exhibited lower PPI than in the other 
modalities and the apparent deficit in the KO mice 
was not significant. Nevertheless, as in schizophrenia 
patients,^^ the demonstration of deficient light-in- 
duced PPI confirms that the mGluRS KO mice exhibit 
deficits in sensorimotor gating rather than hearing. 

Discussion 

The results from this battery of experiments lead us to 
conclude that mGluRS KO mice, as hypothesized, 
exhibit a deficit in sensorimotor gating as reflected in 
reduced PPI. The decrease in PPI observed in the 
mGluRS KO mice is not due to alteration in the startle 
threshold (Experiment 2) or startle magnitude (Ex- 
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Figure 4 Multimodal PPI. PPI values for mCluRS WT and 
KO mice on a 12gSvPasIco background using a variety of 
stimulus modalities for the pulse and the prepulse. Prepulse 
modalities are listed below the X-axis. Pulse modalities are 
listed below the prepulses. White bars denote WT values, 
black bars denote KO values. Values are means +SEM. 
*P<0.05. 

periment 4). Furthermore, as in schizophrenia,^^-^® the 
decrease in PPI is observed across both multiple 
modalities (Experiment 5) and multiple prepulse 
intensities, and occurs &t a range of interstimulus 
intervals (Experiment 3). The reduced PPI observed in 
the mGluRS -KO mice was not due to differences in 
reactivity to the prepulse stimuli, since none of the 
mice responded more to the prepulses than to the 65- 
dB background noise (Experiment 2). The PPI deficit 
of the mGluRS KO mice is robust when the mutation 
is introduced into two different mouse strains 
(Experiment 1) and is replicable both within and 
across cohorts (data not shown). The combination of 
the results from this entire constellation of experi- 
ments allows us to state with confidence that the 
deficit observed in the mGluRS KO mice is indeed a 
deficit in sensorimotor gating. In addition, our 
observation of a PPI deficit in mGluRS KO mice is 
consistent with previously published abstracts^^'^® as 
well as a recent report by Kinney et aP^ that appeared 
after these studies were completed. 

It should be noted, however, that the robustness 
of the PPI deficit of the mGluRS KO mice appears 
to depend on which of the two currently avail- 
able constructs for generating an mGluRS KO is 
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utilized.^°'^° It has been observed^® that the PPI deficit 
of the mGluR5 KO mice generated in the lab of Dr 
Frangois Conquet^° is more robust than that seen in 
the mice generated by Dr John Roder et aL^° Never- 
theless, mGluRS mice generated by both groups do 
exhibit deficits in PPI relative to their respective WTs 
(this report, Henry et aF'^-^^ and Kinney et aP^). The 
two groups backcrossed their respective mGluRS KO 
mice onto different strains, one onto an outbred 
mouse strain,^" the other onto both C57BL/6 and 
129SvPasIco, as reported here. Insofar as these back- 
ground strains have been shown to vary widely in 
both startle magnitude and PPI levels,^* it is likely 
that the robustness of differences in startle and PPI 
due to deletion of mGluRS is influenced by the 
background, as has been described for other pheno- 
t3^es.^* 

In addition to the deficient PPI seen in both 
129SvPasIco and C57BL/6 mGluRS KO mice, the 
CS7BL/6 mice, and to a lesser degree the 129SvPasIco 
mice, exhibited increases in startle magnitude. While 
the hyper-reactivity in the C57BL/6 mice was very 
striking, the 129SvPasIco mGluRS KO mice exhibited 
a less pronounced exaggeration in startle magnitude 
than the C57BL/6 mGluRS KO mice. Indeed, when 
small samples were involved, this increase in startle 
in the 129SvPasIco mGluRS KO was not always 
statistically significant and was not evident with 
tactile stimuli (eg Experiment 5). Both the mGluRS 
WT and the mGluRS KO mice of both strains 
exhibited significant startle responses at the same 
dB level (8S-90dB), indicating no shift in the thresh- 
old for startle in the KO mice. To verify that the effects 
of the 129SvPasIco mGIuRS KO on startle magnitude 
could be dissociated from the effects on PPI, startle 
magnitude was held constant across groups (through 
the use of different startle stimulus intensities, one of 
105 dB and one of 120 dB), and PPI measured under 
these conditions. The fact that the mGluRS KO mice 
exhibited impaired PPI compared to their WT 
counterparts while concurrently exhibiting compar- 
able startle magnitude strongly suggests both that the 
two measures are dissociable, as reported by others 
(eg Paylor and Crawley^^), and that the deficit of the 
mGluRs KO mice is not due to an alteration in startle 
magnitude or startle thresholds. 

Although the similar startle thresholds implies that 
the WT and KO mice did not differ in hearing 
sensitivity, hearing deficits could still influence PPI. 
Indeed, C57BL/6 mice have been shown to exhibit 
high-frequency hearing loss beginning as early as 3 
months old (eg Willot^^). The broadband stimulus 
utilized in these studies minimizes the impact of 
selective high-jfrequency hearing loss. Furthermore, 
we elicited PPI using a variety of sensory modalities 
for both the prepulses and the pulses and found that 
the mGluRS KO mice exhibited deficient PPI inde- 
pendently of the modality of stimulation. 

The present findings of deficient PPI in mGluRS KO 
mice are consistent with both human and rodent 
literature suggesting a contribution of mGluRS to the 



etiology or treatment of schizophrenia or related 
psychiatric disorders that are characterized by 
deficits in sensorimotor gating. Pharmacological 
studies have shown that a metabotropic glutamate 
mixed Group I/II agonist injected directly into the 
nucleus accumbens or the striatum produces 
a PPI deficit.^^ Systemic administration of the more 
specific Group II mGluR2/3 agonist LY314S82, or its 
racemate ( + )-2-aminobicyclo[3.1.0]hexane-2,6-dicar- 
boxylic acid (LY3S4740)^* did not alter PPI alone nor 
did it alter the effects of the NMDA antagonist 
pQp 35.36 contrast, while the mGluRS antagonist 
MPEP had no effect on PPI by itself even when 
administered at doses reported to attain at least 90% 
receptor occupancy,^®-^^^® it was shown to exacerbate 
the PPI deficit produced by PCP administration.^^-^^ 
Thus, although MPEP alone does not appear to 
disrupt PPI in rodents, the influence of this mGluRS 
antagonist on PPI in PCP-treated animals is consistent 
with the phenotypic difference in PPI in the mGluRS 
KO mice. Furthermore, administration of an mGluRS 
agonist reversed the PPI deficit induced by adminis- 
tration of amphetamine.^® An mGluRS agonist there- 
fore has the anticipated opposite effect of an 
antagonist or other manipulation resulting in the 
unavailability of the mGluS receptors. Taken together, 
these pharmacological studies point towards a role of 
the Group I mGluRs, and more specifically, mGluRS 
in the modulation of PPI. 

The pharmacological data from the rodents are 
consistent with data from patients with schizophrenia 
in implicating a role of mGluRS in the etiology or 
treatment of this disease. Just as drug administration 
produces changes in levels of available mGluS 
receptors in rodent brains, so too does schizophrenia 
in the human brain. In fact, several changes in 
glutamatergic markers have been noted in the brains 
of schizophrenia patients. Among these alterations in 
glutamatergic markers is an increase in neuronal 
mGluRS found in the pyramidal layers of area 11 In 
prefrontal cortex of schizophrenia patients,^^ In 
addition, gene linkage studies have also implicated 
the mGluRS gene on chromosome 11 as being 
abnormal in schizophrenia.^^ This abnormality of 
the mGluRS gene in schizophrenia may be function- 
ally similar to the absence of this gene in the mGluS 
KO mice and may partially explain why mice missing 
the mGluRS gene exhibit PPI deficits such as those 
seen in patients with schizophrenia. We therefore 
believe that the work presented here indicates an 
important role for mGluRS in the modulation of 
sensorimotor gating and perhaps even the etiology of 
schizophrenia, a psychiatric disorder associated with 
a deficit in PPI. 
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Abstract — Glutamate is the major excitatory neurotransmitter in the brain and plays a unique role in a 
variety of central nervous system (CNS) functions. The discovery of the metabotropic receptors 
(mGluRs), a family of G-protein coupled receptors than can be activated by glutamate, has led to an 
impressive number of studies in recent years aimed at understanding their biochemical, physiological 
and pharmacological characteristics. 

The eight mGluRs now known are divided into three groups according to their sequence homology, 
signal transduction mechanisms, and agonist selectivity. Group I mGluRs include mGluRi and 
mGluRs, which are linked to the activation of phospholipase C; Groups II and III include all others and 
are negatively coupled to adenylyl cyclases. 

The availability in recent years of agents selective for Group 1 mGluRs has made possible the study of 
the physiological roles of these receptors in the CNS. In addition to mediating glutamatergic neurotrans- 
mission, Group I mGluRs can modulate other neurotransmitter receptors, including GABA and the 
ionotropic glutamate receptors. 

Group I mGluRs are involved in many CNS functions and may participate in a variety of disorders 
such as pain, epilepsy, ischemia, and chronic neurodegenerative diseases. This class of receptor may pro- 
vide important pharmacological therapeutic targets and elucidating its functions will be relevant to 
develop new treatments for neurological and psychiatric disorders in which glutamatergic neurotrans- 
mission is abnormally regulated. 

In this review anatomical, physiological and pharmacological results are presented with a special 
emphasis on the role of Group I mGluRs in functional and pathological processes. © 1999 Elsevier 
Science Ltd. All rights reserved 
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ABBREVIATIONS 



4CPG 


(5>4-CarboxyphenilgJycine 


EPSP 


4C3HPG 


(5}-4-Carboxy-3-hydroxyphenyIglycine 


iGluR 


AC 


Adenylyl cyclase 


IP3 


ACPD 


1 5,3/?- 1 -Amino- 1 ,3-cyclopentanedicarboxylate 


LTD 


AIDA 


(iJ5)-l-Aminoindan-l,5-dicarboxylic acid 


LTP 


AMPA 


(S)-a-Anunp-3-hydroxy-5-methyI-4-isoxazole 


mGluR 




propionic add 


MCPG 


CHPG 


(/?5)-2-Chlora-5-hydroxyphcnylglydne 


NMDA 


DAG 


Diacylglycerol 


PKC 


DHPG 


3,5-Dihydroxyphenylglycinc 


PLC 


EPSC 


Excitatory postsynaptic current 





Excitatory postsynaptic potential 
I ODO tropic glutamate receptor 
Inositol triphosphate 
Long-term depression 
Long-term potentiation 
Metabotropic glutamate receptor 
a-Methyl-4-carboxyphenilglycine 
A^-Methyl-D-aspartatc 
Protein kinase C 
Phospholipase C 



1. INTRODUCTION 

Glutamate is the major excitatory neurotransmitter 
in the mammalian central nervous system (CNS) 
and plays an important role in a number of CNS 
functions (Monaghan et ai, 1989; Hollmann and 
Heinemann, 1994). The receptors that mediate its 
action have been divided into two broad categories, 
termed ionotropic receptors, which contain gluta- 
mate-gated cation channels, and metabotropic 
receptors, which are coupled to GTP-binding pro- 
teins (G proteins) and Hnked to the activation of 
phospholipase C (PLC) or the inhibition or acti- 
vation of adenylyl cyclases (AC). 

The metabotropic receptors (mGluRs) were dis- 
covered only in the 1980s when it was shown that 
glutamate and other excitatory amino acids like 
quisqualate and ibotenate could stimulate phosphoi- 
nositide (PI) turnover (Sladeczek et ai, 1985; 
Nicoletti et al., 1986; Sugiyama et aL, 1987) or lead 
to mobilization of intracellular Ca^"^ in different cell 
types of the CNS (Mayer and Miller, 1990; Irving et 
ai, 1990). Soon after, the first cDNA clone of a 
mGluR subtype was isolated by functional ex- 
pression cloning (Masu et ai, 1991; Houamed et ai, 
1991). This subtype is now known as mGluRj. In 
the following years the cloning effort rapidly led to 
the discovery of seven more different subtypes, 
termed mGluRj to mGluRg [Tanabe et ai (1992); 
Abe et ai (1992); Nakanishi and Masu (1994) for a 
review]. Based on sequence homology, signal trans- 
duction mechanisms and agonist selectivity, the 
eight mGluRs can be divided into three groups 
(Nakanishi, 1994; Pin and Duvoisin, 1995). Group I 
includes mGluRi (with its splice variants a, b, c and 
d) and mGluRs (a and b), which are positively 
coupled to PLC and lead to an increase in diacylgly- 
cerol (DAG) and inositol triphosphate (IP3), and in 
some cases to an activation of AC (Aramori and 
Nakanishi, 1992); Groups II and III include all 
others and lead to a decrease in forskolin-stimulated 
AC [Conn and Pin (1997) for review]. 

Over the recent years the Group I mGluRs have 
been extensively studied in experimental animals, 
leading to an appreciation of their great importance 
in the CNS. Both mGluRj and mGluRs are present 
in a number of key CNS structures including the 
hippocampus, cortex, thalamus and cerebellum and 
the involvement of these receptors in a variety of 
disorders including epilepsy, ischemia, pain and neu- 
rodegenerative diseases is beginning to emerge. 



Drugs that act through the mGluRs may have the 
capability to modulate glutamatergic synapses in a 
selective manner without the potential side-effects 
that had limited the clinical usefulness of the iono- 
tropic glutamate agents (Olney, 1994). This new 
class of receptors could provide unique opportu- 
nities for designing more selective therapies. 

rrfl/i5-amino-cyclopentane-dicarboxylate {trans- 
ACPD) was the first compound shown to activate 
mGIuRs selectively (Palmer et ai, 1989) but lack of 
mGluR subtype-specific drugs made it difficult to , 
draw conclusions about the physiological roles of 
the various metabotropic receptor groups. Thanks 
to the synthesis of new selective agonists and antag- 
onists in recent years it is becoming possible to dis- 
tinguish among the mGluR groups and much 
improvement has been made in the understanding of 
the biochemical, physiological and pharmacological 
properties of the Group I mGluRs (Watkins and 
Collingridge, 1994; Roberts, 1995; Conn and Pin, 
1997). In this review we will examine this new and 
still somewhat controversial topic, emphasising the 
role of Group I mGluRs in functional and patho- 
logical processes. 



2. PHARMACOLOGY OF THE GROUP I 

mCLURs 

Group I mGluRs stimulate PLC and PI hydroly- 
sis [see Conn and Pin (1997) for a review], and in 
some cases these receptors can couple to AC 
(Aramori and Nakanishi, 1992). 

Cloned mOluRs expressed in heterologous mam- 
malian systems have been used to characterize the 
activity of selective compounds on mGluR subtypes. 
Using predominately mGluR^ or mGluRsa splice 
variants, the pharmacological profile of Group I 
mGluRs has been determined (Conn and Pin, 1997). 
In every cell line tested, quisqualate is the most 
potent agonist of these receptors followed by ibote- 
nate and glutamate, the presumed endogenous 
transmitter (Aramori and Nakanishi, 1992; 
Nakanishi et ai, 1994; Joly et ai, 1995). The rank 
of potency of the agonists for Group I mGluRs was 
found to be: quisqualate > 3,5-dihydroxyphenylgly- 
cine (DHPG) = glutamate> 15,3/?- 1 -amino- 1,3- 
cyclopentanedicarboxylate (ACPD) = ibotenate > 
(25, 1 'S,2'S)-2-(carboxycyclopropyl)glycine (L-CCG- 
I) > 3-hydroxyphenylglycine (3-HPG) > ira/u-azeti- 
diiie-2,4-dicarboxylate (/-ADA) (Pin and Duvoisin, 
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1995; Conn and Pin, 1997). The Group I mOluR 
specific agonists are DHPG, 3-HPG and. r-ADA, 
which are devoid of activity in other mGluR groups 
(Ito ei al., 1992; Schoepp et al., 1994; Brabet et ai, 
1995; Hayashi et al, 1994). A new phenylglycine de- 
rivative, (-/?5)-2-chloro-5-hydroxyphenylglycine 
(CHPG), has been recently reported to activate only 
mGluRs, but not mGluRi in transfected cells. This 
is the first compound available to distinguish phar- 
macologically the two members of the Group I 
class, although it is not very potent (Dohcrty et al., 
1997). 

The discovery in 1993 of phenylglycine com- 
pounds as antagonists of mGluRs made possible to 
test the selectivity of the various mGluRs in both 
heterologous and neuronal systems. The first antag- 
onist described for Group I mGluRs was a-methyl- 
4-carboxyphenilglycine (MCPG) (Birse et ai, 1993; 
Eaton et al., 1993a; Watkins and Collingridge, 
1994). MCPG, however, is also an antagonist of 
Group II mGluRs (Hayashi et al., 1994). Substances 
related to phenylglycine have been synthesized since 
then, with (5)-4-carboxyphenilglycine (4CPG) and 
(5)-4-carboxy-3-hydroxyphenylglycine (4C3HPG) 
found to be the most potent Group I mGluRs an- 
tagonists, although they also have agonist effects on 
Group II receptors (Hayashi et al., 1994; Thomsen 
et ai, 1994). Some of these compounds were found 
to be selective for mGluRi over mGluRs, like 
LY367385 (Clark et ai, 1997). Even MCPG and 
4CPG show a much better sensitivity for mGluRi 
than mGIuRj in transfected cells (Joly et al., 1995). 
Very recently, other compounds with an improved 
potency for the Group I mOluRs have been synthe- 
tized. These include (/?5)-l-aminoindan-l,5-dicar- 
boxylic acid (AIDA) (Pellicciari et al., 1995; Moroni 
et al., 1997), (5)-( + )-2-3'-carboxybicyclo[l.l .l]pen- 
tyglycine (CBPG) (Pellicciari et al., 1996), and ethyl 
7-(hydroxyimino)cyclopropan[b]chromen- 1 a-carbox- 
ylate (EtCCC) (Annoura et ai, 1996). 



Most of the results obtained in clonal cell lines 
have been confirmed in native neuronal systems, 
such as brain slices or cultured cells, where the 
stimulation of PI hydrolysis is measured, or in 
spinal cord, where the depolarization induced in 
motoneurons by specific agonists can be inhibited 
by selective antagonists. Table 1 shows the potency 
of the agonists and antagonists that act at the 
Group I mGluRs measured in transfected cell lines 
or in native systems. 

Since mGluRj is highly expressed while mGluRs 
is almost absent in the cerebellum [Masu et al. 
(1991); Shigemoto et al. (1993) see below], this struc- 
ture is particularly suitable for distinguishing 
between the two Group I mGluRs (Toms et al., 
1995; Chavis et ai, 1995; Batchelor et ai, 1997). 
Cultured granule cells from rat cerebellum appear to 
be an excellent system for investigating selective 
compounds in a native environment. Using this sys- 
tem to assay mGluR| responses coupled to PI hy- 
drolysis, Toms et ai (1995) obtained similar 
pharmacological results to those reported for cloned 
mGluR]. The pharmacological characteristics of 
mGluRi can also be studies in the intact cerebellar 
slice, where mGluR-mediated excitatory postsyn- 
aptic potentials (EPSP) are recorded from Purkinje 
cells (Batchelor ai, 1994, 1997). 

Another useful preparation for characterizing 
Group I mGluRs is the neonatal rat spinal cord. 
Postsynaptic depolarization of motoneurons induced 
by specific agonists can be recorded electrophysio- 
logicaliy from the ventral roots (Watkins and 
Collingridge, 1994). This depolarization is insensi- 
tive to ionotropic glutamate receptor (iGluR) antag- 
onists, but it is inhibited in a dose-dependent 
fashion by specific Group I mGluR antagonists 
(Birse et al, 1993; Jane et ai, 1993; Ugolini et ai, 
1997). 



Table 1. 





Cloned cells 




Neuronal systems 










Hippocampal or 


Cerebellar 


Neonatal 




mGluRl 


mGluR5 


cortical cells 


granule cells 


spinal cord 


Agonist (EC so values in mM) 










Glutamate 


9-13 


3-10 




50« 




Quisqualate 


0.2-3 


0.03-0.3 








(lS,3/?)-ACPD 


10-80 


5-7 


47.211 


102** 


58.1» 


DHPG 






27.611 






3-HPG 


68-100 


14-35 


98** 






f-ADA 


190 


30 








CHPG 


Not active* 


750* 








Antagonist ( IC50 or 


1 values in mM) 










MCPG 


40-200 


>200 


130^^ 


243« 


341'^; 243^ 


4CPG 


15-65 


>500 


35^* 


51« 


208" 


4C3HPG 


10-40 


7 


345** 


41« 




AIDA 


2I4t 


>iooot 








EtCCC 






40^^ 






LY367385 


8.8* 


>1005 









Values are taken from ihc following references: •Doheity et at. (1997); tMoroni et al. (1997); JAnnoura et al. (1996); •Clark et at. (1997); 
HSchoepp et al. (1994); **B!rse et al. (1993); ^^Batchelor et al. (1997); «Toms et ai (1995); *BoxaU et al. (1996); "Jones et al. (1993). All 
other values are taken from Conn and Pin (1997). 
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3. DISTRIBUTION OF GROUP I mGLURs IN 
THE MAMMALUN BRAIN 

With the isolation of the first cDNA for a 
mOluR, the mGluRi, it became possible to study 
the expression of these receptors in the CNS (Masu 
et al., 1991). Distribution of the mRNA for mGluR, 
by in situ hybridization revealed an abundant ex- 
pression of this receptor in hippocampal neurons 
and cerebellar Purkinje cells (Shigemoto et aL, 1992; 
Fotuhi et aL, 1993). In the cerebellum, mGluR, is 
distributed in cell bodies and dendrites of Purkinje, 
stellate and some Golgi cells, as described by immu- 
noreactivity for mGluRi^ (Martin et al., 1992; 
Baude et al., 1993; Hampson et al., 1994). No 
mGluRs, on the other hand, is found in the cerebel- 
lum (Shigemoto et ai, 1993), except for a small sig- 
nal in the granule cell layer but not in the Purkinje 
cells (Romano et al., 1995). The strong presence of 
mGluRi in the cerebellum correlates well with the 
severe motor coordination syndrome characterized 
by ataxia and tremor and with the neurophysiologi- 
cal abnormalities obtained with the mGluRi-de- 
ficient mice (Conquet et al, 1994; Aiba et ai, 
1994b). 

Other areas of expression of mGluRi are the 
olfactory bulb, the amygdala, the thalamus, and the 
basal ganglia (Martin et al., 1992; Baude et aL, 
1993; Hampson et ai, 1994). The presence of this 
receptor in these areas has inspired study of the po- 
tential role of Group I mGluRs in extrapyramidal 
motor diseases like Hungtington Chorea or 
Parkinson's Disease (see later). 

In the hippocampus, both CAl and CA3 fields 
are heavily labeled by antibodies to mGluRia, but 
this immunoreactivity is present in *non-principar 
neurons and is concentrated in the postsynaptic 
membrane at the periphery of synaptic junctions 
(Baude et al., 1993). Unlike antibodies to glutamate 
ionotropic receptors that label sites within the 
synaptic junctions (Nusser et al., 1994, 1995), the 
antibodies to mGluR,a label sites that are at the 
edge of the synapse (Baude et al., 1993). Because of 
the special segregation of ionotropic receptors and 
mGluRs, it has been suggested that they may 
respond differently to glutamate stimulation; the 
ionotropic receptors respond to glutamate under 
normal presynaptic stimulation, whereas the perisy- 
naptic mGluRi is involved in excitatory responses 
evoked only by strong presynaptic stimulation. This 
anatomical distribution suggests a role for the 
mGluRs in synaptic function that is different from 
that of the ionotropic receptors which, mediating 
fast signals at glutamergic synapses, are close to 
release sites. The postsynaptic metabotropic recep- 
tors situated at the periphery would appear to have 
a role of delayed activation (Baude et ai, 1993). ' 
Although these observations have been made using 
the mGluRia splice variant, the regional pattern of 
the immunoreactivity for this splice variant suggests 
that its distribution correlates with the mRNA cod- 
ing for all mGluRi (Shigemoto et al., 1992). 
Interestingly, recent studies have confirmed this peri- 
synaptic location in the hippocampus also for 
mGluRs and it may be a general feature of all G- 
protein receptors (Lujan et al., 1996). 



The hippocampus of the rat (Shigemoto et ai, 
1993; Romano et ai, 1995) and the human 
(Blumcke et aL, 1996) contain many neurons that 
express mOluRj. In the CAl region of the rat, 
mOluRs is present in both pre- and postsynaptic 
membranes (Romano et al., 1995). However, while 
most CA3 pyramidal and granule cells express both 
mGIuRs and mGluRi, CAl pyramidal cells express 
only mGluRs (Lujan et aL, 1996). This finding fits 
nicely with the neurophysiological results demon- 
strating that LTP can be induced in CAl region in 
mice lacking mGluRi (Conquet et aL, 1994), but not 
in mice lacking mGluR^ [Lu et aL (1997); see later]. 

Group I mGluRs are also abundant in the spinal 
cord (Vidnyanszky et aL, 1994; Vaierio et aL, 
1997a,b). mGluRsa antibody staining is heavy in 
laminae I-II of the dorsal horn of the rat at the 
level of dendrites and perikaria and is found around 
the postsynaptic membrane .in a peri- or extrasynap- 
tic location similar to that seen in the hippocampus 
(Vidnyanszky et aL, 1994). This distribution of 
mGIuRs is also seen in the human spinal cord 
(Vaierio et aL, 1997a). Rat spinal cord expresses 
high levels of mRNA encoding mGluRi as well 
(Vaierio et aL, 1997b). The presence of both 
mGluRi and mGluRs in the dorsal laminae of the - 
spinal cord strongly suggests an important role for 
these receptors in the control of nociceptive trans- 
mission [Corsi et aL (1997) see later]. 



4. NEUROPHYSIOLOGICAL ROLE OF GROUP 
I mGLURs 

Metabotropic glutamate receptor agonists have a 
wide variety of actions in the CNS that can be 
mediated by voltage- and ligand-gated ion channels. 
Substances that activate Group I mGluRs cause 
neuronal depolarization and excitation while antag- 
onists of these receptors inhibit depolarization and 
excitation. In addition, activation of these receptors 
can modulate synaptic transmission by regulating 
GABA release or by interfering with iGluRs. Recent 
evidence has also shown the importance of Group I 
mGIuRs in modulating other brain neurotransmitter 
systems. 

4 J. Neuronal Excitability 

Application of the broad spectrum mGluR ago- 
nist ACPD produces an array of physiological 
effects, both inhibitory and excitatory (Schoepp et 
aL, 1990; Conn and Pin, 1997). Group I mGluRs, 
however, seem to involve primarily postsynaptic ex- 
citatory effects. In the CAl area of the hippo- 
campus, activation of mGIuRs with ACPD leads to 
depolarization, increase of input resistance, and re- 
duction in spike frequency adaptation (Charpak et 
aL, 1990; Desai and Conn, 1991; Desai et aL, 1992). 
These effects have been attributed to activation of 
Group I mGluRs because they are also produced by 
the specific agonist DHPG (Gereau and Conn, 
1995a) and are blocked by the antagonists MCPG 
and 4CPG (Davies et al, 1995). In neocortical neur- 
ons, the reduction in spike frequency adaptation 
caused by ACPD or quisqualate and blocked by 
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MCPG is not prevented by protein kinase C (PKC) 
or protein kinase A (Burke and Hablitz, 1996). 

The increase in neuronal excitability caused by ac- 
tivation of Group I mGluRs is produced primarily 
by modulation of potassium channels [for review, 
Gerber and Gahwiler (1994); Glaum and Miller 
(1994)]. ACPD induces net inward currents by inhi- 
biting K"*" conductances in neurons in hippocampus 
(Charpak et al., 1990; Crepel et ai, 1994; Gereau 
and Conn, 1995a), amygdala (Womble and Moises, 
1994), nucleus of the tractus soHtarius (Glaum and 
Miller, 1992), and hypothalamus (Schrader and 
Tasker, 1997). This effect is blocked by Group I 
mGluR selective antagonists (Guerineau et aL, 1995; 
Gereau and Conn, 1995a; Schrader and Tasker, 
1997). In the CA3 region of the hippocampus the re- 
duction of K"*" conductance in response to mGluR 
activation is not mediated by PKC or protein kinase 
A and it exhibits a pronounced voltage sensitivity 
which could be important in physiological processes 
such as long-lasting changes in cellular excitability 
or persistent modification of synaptic efficacy 
(Gerber and Gahwiler, 1994; Liithi et ai, 1997). 

Interestingly, a decrease in K"*" conductance has 
been hypothesized to account for the control of cor- 
ticothalamic activation mediated by mGluRs. This 
effect is thought to be important in facilitating sen- 
sory transmission to activate arousal and cognitive 
processes (McCormick and von Krosigk, 1992). 

Activation of mGluRs can also produce inward 
currents separate from inhibition of potassium chan- 
nels (Glaum and Miller, 1992; Mercuri et ai, 1993; 
Crepel et ai., 1994; Guerineau et aL, 1995). These 
inward currents vary in different types of cells and 
sometimes involves a Ca^*^ -activated non-specific 
cation (CAN) current (Crepel et ai, 1994; 
Guerineau et al., 1995; Congar et ai, 1997), or an 
activation of a Na'^/Ca^ exchanger (Mercuri et al., 
1993; McBain et al., 1994; Keele et al., 1997). In the 
hippocampus the CAN current is mediated by 
Group I mGluRs because the selective agonist 
DHPG produces a current identical to that evoked 
by ACPD and this effect involves a Ca^"^ -dependent 
and G-protein-dependent process (Congar et al., 
1997). In neurons of the basolateral amygdala, the 
metabotropic-activated Na'^/Ca^"^ exchanger is eli- 
cited by DHPG, which may play a role in epilepsy, 
increasing transmission following kindling (Keele et 
ai, 1997). 

Activation of Group I mGluRs can also modulate 
currents through N-type, L-type and other voltage- 
dependent calcium channels [Sayer et al. (1992); 
Sahara and West brook (1993); Swartz and Bean 
(1992); Swartz et al. (1993); for review see Slefani et 
al. (1996)], Quisqualate inhibits N-type Ca^"*^ chan- 
nels in hippocampus and cortex, where it is 
mediated by G-protein and does not involve protein 
kinases (Lester and Jahr, 1990; Sayer et ai, 1992; 
Swartz and Bean, 1992), but it facilitates L-type 
channel function in the granule cells of the cerebel- 
lum via a G-protein mechanism not sensitive to per- 
tussin toxin (PTX) (Chavis et ai, 1995). In 
cerebellar granule cells, activation of mGluRj trig- 
gers a functional coupling between ryandine recep- 
tors and L-type Ca^"^ channels that leads to 
facilitation of the L-type Ca^"*" channel and could be 



important in regulating a phenomenon of synaptic 
plasticity like long-term depression (LTD) (Chavis 
et ai, 1996). In fronto-parietal cortical neurons, in- 
hibition of N-type Ca^"*" channels produced by 
specific Groups I and II mGluRs agonists is reduced 
by MCPG, suggesting that both these mGluR 
groups participate in modulating Ca^"*" channels in 
cortical neurons (Choi and Lovinger, 1996). 
However, a differential sensitivity to PTX can dis- 
tinguish the two groups of mGluR. Inhibition of 
Ca channels by Group II mGluRs seems to 
involve a PTX-sensitive G-protein whereas Group I 
mGluRs use both a PTX-sensitive and PTX-insensi- 
tive G-protein. These results suggest that mGluRs 
inhibiting Ca^"^ channels in cortical neurons might 
be separated on the basis of the G protein involved 
(Choi and Lovinger, 1996). Moreover, Group I in 
contrast to Group II mGluRs can use several dis- 
tinct signal transduction pathways to inhibit Ca^"*" 
channels, both Ca^*^ intracellular-independent and - 
dependent mechanisms (McCool et ai, 1998). 

In the mGluRprich cerebellum, ACPD increases 
excitation and firing rate of Purkinje cells both in 
vivo or in slices. MCPG and 4CPG both block the 
agonist-induced excitatory responses (Lingenhohl et 
ai, 1993; Batchelor et ai, 1994). Two Group I 
mGluR antagonists, 4C3HPG and 4CPG, selectively 
depress ACPD-induced excitation of thalamic neur- 
ons in the anesthetized rat (Eaton et ai, 1993a; Salt 
and Eaton, 1995). ACPD also causes depolarization 
of neonatal rat motoneurons which is blocked by 
MCPG, 4C3HPG or 4CPG (Birse et ai, 1993), but 
not by 25,r5,2'5-2-methyl-2-(carboxycyclopropyl)- 
glycine (MCCG) or 5'-2-amino-2-methyl-4-phospho- 
nobutanoate (MAP4), respectively, Groups II and 
III antagonists (Jane et ai, 1994). 

Recent studies have shown that selective acti- 
vation of Group I mGluRs with DHPG increases 
postsynaptic membrane excitability in hippocampus 
(Davies et ai, 1995), cortex (Mannaioni et ai, 1996; 
Libri et ai, 1997), striatum (Pisani et ai, 1997), 
amygdala (Keele et al., 1997), subthalamic nucleus 
(Abbott et al., 1997), hypothalamic supraoptic 
nucleus (Schrader and Tasker, 1997) and in moto- 
neurons of the spinal cord (Ugolini et ai, 1997). 

Although the profiles of agonist and antagonist 
pharmacology indicate that Group I mGluRs med- 
iate postsynaptic depolarizations in a number of 
brain areas, the lack of subgroup-specific agents has 
prevented a determination of the actual subtype 
involved. Some indication of the roles of the two 
Group I subtypes comes from experiments where 
mice lacking specific mGluRs were generated. In 
CAI neurons of mGluR|-deficient mice, ACPD pro- 
duced excitatory effects similar to normal (Aiba et 
ai, 1994a; Conquet et ai, 1994), whereas mGluRs- 
deficient mice lacked the normal neuronal depolariz- 
ation in response to ACPD (Lu et ai, 1997). 
Administration of mGluRs antisense deoxynucleo- 
tides injected into the hippocampal CAI gave simi- 
lar results (Dorri et ai, 1997). These results suggest 
that mGluRs mediates excitatory effects in pyrami- 
dal CAI neurons where mGluRi is not expressed 
(Lujan et ai, 1996), but they do not preclude a role 
for mGluRj in other regions. To test whether 
mGluRj would compensate for the absence of 
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mGluRs one should examine depolarization re- 
sponses induced by mGluR agonists either in the 
mGIuRs-deficient mice or in animals injected with 
mOluRs antisense in brain areas where both recep- 
tors are present (e.g. dentate gyrus, hippocampus 
CA3). 

Recent studies using cells expressing mOluRi or 
mGluRs only have found separate functions for the 
two Group I mGluR subtypes. While either receptor 
triggers the release of Ca^"^ from intracellular stores 
through the IP3 pathway, glutamate stimulation 
produces a single peak of intracellular Ca^"*" mobil- 
ization in the cells transfected with mGluRi, but 
Ca^"^ oscillations in the mGluRs transfected cells. 
These oscillations are also seen in astrocytes expres- 
sing mGluRs and are PKC-dependent because they 
are blocked by the selective inhibitor H-7 
(Kawabaia .e/ aL, 1996; Nakahara et ai, 1997; 
Nakanishi et al, 1998). Interestingly, Ca^"*" oscil- 
lations are found in CAl hippocampal interneurons 
in response to glutamate stimulation and they are 
prevented completely by MCPG but only partially 
by co-administration of the iGluR antagonists AP5 
and 6-cyano-7-nitro-quinoxaline-2,3-dione (CNQX) 
(Carmant et al, 1997). 



4.2. Modulation of Synaptic Transmission 

4.2.1. Presynaptic Inhibition 

Synaptic transmission is influenced by mGluRs 
via modulation of postsynaptic receptors, as 
described above, but also by modulation of trans- 
mitter release from presynaptic terminals. 
Activation of presynaptic mGluRs cause a wide- 
spread reduction of glutamatergic transmission in 
the CNS. This action is determined almost exclu- 
sively by presynaptic Group II and Group III 
mGluRs [Baskys and Malenka (1991); Desai and 
Conn (1991); Pook et ai (1992); Burke and Hablitz 
(1994); Glaum and Miller (1994) for review]. 
Reduction of glutamatergic transmission attributed 
to Group I mGluRs has been observed only in the 
hippocampus, at the level of the synapses between 
Shaffer collaterals and CAl pyramidal cells. In this 
region inhibition of EPSPs is induced by DHPG or 
quisqualate and is accompanied by an increase in 
paired-pulse facilitation, a common and reliable test 
of presynaptic mechanisms (Gereau and Conn, 
1995b; Manzoni and Bockaert, 1995). MGIUR5 
probably mediates this effect because it is not 
blocked by 4CPG (an mGluRi preferential antagon- 
ist) (Manzoni and Bockaert, 1995) and because 
there is immunochemical evidence for the presyn- 
aptic expression of mGluRs in CAl neurons 
(Romano et ai, 1995). 

Interestingly, a recent report demonstrated that 
the DHPG-induced inhibition of EPSPs in CAl is 
facilitated by activation of NMDA receptors 
(Harvey et ai, 1996). According to these authors 
this mechanism in CAl may have important impli- 
cations for synaptic plasticity where both mGIuRs 
and NMDA receptors are involved. 



4.2.2. Modulation of GAB A 

A third function of mGluRs in the CNS is to 
regulate inhibitory synaptic transmission mediated 
by the amino acid neurotransmitter GABA. 
Activation of mGluRs reduces GABAergic synaptic 
transmission in the hippocampus (Liu et ai, 1993; 
Jouvenceau et al, 1995), the striatum (Calabresi et 
ai, 1992; Stefani et at., 1994), the thalamus (Salt 
and Eaton, 1995), the olfactory bulb (Hayashi et ai, 
1993), and the nucleus of the tractus solitarius 
(Glaum and Miller, 1993). The identity of the 
mGluR Group responsible for this effect is not cer- 
tain, but evidence for a presynaptic activation of 
Group II or Group III receptors is emerging. 

In the hippocampus, GABAergic interneurons 
can be activated by mGIuRs either pre- or postsyn- 
aptically (Desai et al, 1994; McBain et a/., 1994; 
Jouvenceau et ai, 1995; Poncer et ai, 1995; Doherty 
and Dingledine, 1998). In the CA3 region activation 
of Group I mGluRs, presumably located on the 
somato-dendrilic membrane of GABA interneurons, 
enhances excitability. In contrast. Group II mGluRs 
are located on inhibitory terminals and reduce 
GABA release (Poncer et ai, 1995). In the CAl 
region, Group I mGluRs are involved in modulating 
transmission from GABAergic interneurons onto 
pyramidal cells. Analysis of spontaneous inhibitory 
postsynaptic currents (IPSCs) suggests that these 
receptors are localized presynaptically (Gereau and 
Conn, 1995b). Activation of Group I mGluRs on 
GABA inhibitory neurons in the hippocampus can 
contribute to the generation of hyperexcitability 
connected vwth epilepsy (Doherty and Dingledine, 
1998) and may have an important role in synaptic 
plasticity, as shown in mice lacking mGluR] [Bordi 
et al (1997) see later]. 

In the rat frontal cortex Group I mGluRs can 
enhance GABA-mediated synaptic inhibition 
through activation of inhibitory interneurons and, 
as in CAl, these receptors seem to be located pre- 
synaptically (Chu and Hablitz, 1998). 



4.2.3. Modulation of Other Neurotransmitters 

Recent work has focused on the interaction of 
mGluRs with other neurotransmitter systems. It is 
now becoming evident that mGluRs regulate differ- 
ent neurotransmitters in a number of brain struc- 
tures. 

Activation of rat dentate gyrus neurons with 
ACPD or the specific Group I mGIuR agonist 
DHPG increases NPY mRNA levels in granule cells 
and interneurons and this effect is antagonized by 
MCPG and 4CPG (Schwarzer and Sperk, 1998). 
These results are important in light of the recent evi- 
dence of a possible role of NPY in epilepsy 
(Schwarzer et a/., 1998). 

In the hippocampus DHPG is also able to attenu- 
ate the inhibitory effects of adenosine Al receptor 
activation and this attenuation occurs via a PKC- 
dependent mechanism. This interaction may be rel- 
evant to the pathology that occurs after hypoxia, 
where adenosine is an endogenous protective sub- 
stance (de Mendon9a and Ribeiro, 1997; Budd and 
Nicholls, 1998). 
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In cultures of astrocytes, mGluRj is associated 
with the regulation of j5-adrenergic receptor func- 
tion. The agonist DHPG, but not agonists for 
Group II or III mGluRs, potentiates cyclic AMP ac- 
cumulation induced by )5-adrenergic stimulation. 
This effect is independent of intracellular Ca^"*" or 
the PKC pathway (Balazs et ai, 1998), but can con- 
tribute to the opening of Ca^**" channels and modu- 
late neuronal activity by a feedback process to 
neurons (Verkhratsky and Kettenmann, 1996; 
Balazs a/., 1998). 

Recent work showed that mGluRs modulate 
dopamine (DA) neurons in various ways. ACPD 
produces an increase of the spontaneous firing rate 
and a depolarization of rat DA mesencephalic cells 
(Mercuri et ai, 1993). This excitation is attributed 
in part to an inward current that is antagonized by 
the Group I mGluR antagonist 4C3HPG. In the 
ventral midbrain, ACPD and DHPG cause a 
decrease in the EPSP's amplitude and depolarization 
of DA neurons (Wigmore and Lacey, 1998). ACPD 
mediates excitation and inhibition of substantia 
nigra DA neurons as well, and this action is blocked 
by Group I mGluR antagonist 4CPG (Meltzer et 
ai, 1997). Moreover, electrical stimulation of ventral 
tegmental DA neurons evokes a slow excitatory 
postsynaptic current (EPSC) which is mediated by 
mGluRs, particularly by Group I mGluRs because 
it is blocked by MCPG (Shen and Johnson, 1997). 
In primary cultures of striatal neurons, Group I 
mGluR agonists potentiate the cAMP formation 
induced by activation of Dj-like dopamine recep- 
tors. This potentiation is blocked by 4CPG and also 
by PKC inhibitors (Paolillo et aL, 1998). 

A role of Group I mGluRs in modulating DA 
system function was shown also by the observation 
that intrastrialal injection of ACPD or DHPG 
caused a contralateral rotational behavior, a re- 
sponse that is DA-dependent (Sacaan et al:, 1991, 
1992; Kearney et aL, 1997). When infused into the 
nucleus accumbens, ACPD increases locomotor ac- 
tivity in rats and MCPG blocks this effect. Blockade 
of DA receptors with haloperidol reduces (in a dose- 
dependent manner) the ACPD-induced locomotor 
activation (Attarian and Amalric, 1997), suggesting 
that the increase in locomotor activity is dependent 
on DA. A recent study has shown that MCPG 
injected into the nucleus accumbens also interferes 
with amphetamine-induced locomotion, and 
suggested that the mGluRs located postsynaptically 
to DA terminals mediate this action (Kim and 
Vezina, 1998a). 

All these results strongly suggest a possible invol- 
vement of Group I mGluRs in Parkinson's Disease 
or Huntington's Chorea by modulating the DA sys- 
tem [Sacaan et aL (1992); see later]. 

4.2.4. Modulation of lonotropic GluRs 

Activation of mGluRs has been shown to modu- 
late A^-methyl-D-aspartate (NMDA) and (5)-a- 
amino-3-hydroxy-5-methyl-4-isoxazoIepropionic 
acid (AMPA) receptor-mediated membrane currents 
in a number of brain areas and cell types. 
Potentiation of NMDA responses by ACPD was 
reported in the CAl region of the hippocampus 



(Aniksztejn et aL, 1992; Harvey and Collingridge, 
1993), cerebellum (Kinney and Slater, 1993), neo- 
cortex (Rahman and Neuman, 1996; Mannaioni et 
aL, 1996), visual cortex (Wang and Daw, 1996), 
striatum (Pisani et aL, 1997), and spinal cord (Cerne 
and Randic, 1992; Jones and Headley, 1995; Ugolini 
et aL, 1997). In some studies, however, ACPD 
attenuates NMDA responses (Colwell and Levine, 
1994; Yu et aL, 1997) and this discrepancy can be 
explained by the NMDA receptor composition in 
different cell types (Shen et aL, 1995). 

ACPD also potentiates AMPA responses in spinal 
cord (Cerne and Randic, 1992; Bleakman el aL, 
1992; Jones and Headley, 1995; Bond and Lodge, 
1995; Ugolini et aL, 1997) and visual cortex (Wang 
and Daw, 1996), but not in the hippocampus 
(Aniksztejn et aL, 1992; Harvey and Collingridge, 
1993). Spinal cord depolarizations induced by kai- 
nate are increased by ACPD in some reports 
(Bleakman et aL, 1992; Jones and Headley, 1995) 
but not in others (Cerne and Randic, 1992; UgoHni 
et aL, 1997). Figure 1 illustrates the facihtation of 
NMDA or AMPA responses that is induced by 
ACPD in spinal cord motoneurons. The specific 
agonist DHPG produces effects similar to those 
obtained with ACPD in the hippocampus (Fitzjohn 
et aL, 1996), striatal slices (Pisani et aL, 1997) and 
spinal cord (Jones and Headley, 1995; Ugolini et aL, 
1997). 

The potentiation of excitatory responses is 
explained by an mGluR-mediated membrane de- 
polarization that increases cell excitability (Jones 
and Headley, 1995; Bond and Lodge, 1995). 
Inhibition of K"^ currents (/^ or leak) are impli- 
cated in these mGluR-induced depolarizations 
(Charpak et aL, 1990; Gerber and Gahwiler, 1994), 
resulting in an increase in cell input resistance. 

PKC, which is triggered by activation of Group I 
mGluRs, has been proposed to mediate the poten- 
tiation of iGluR responses. In oocytes a specific 
PKC antagonist blocks the mGluR-induced 
enhancement of the NMDA response (Kelso et aL, 
1992). In the CAl region of the hippocampus, po- 
tentiation of the NMDA effect induced by ACPD 
was blocked by PKC antagonists in one study 
(Aniksztejn et aL, 1992), but not in another (Harvey 
and Collingridge, 1993). In the striatum, the PKC 
blockers staurosporine or calphostin C are effective 
in preventing DHPG-mediated potentiation of the 
NMDA-induced depolarization and the PKC activa- 
tor phorbol- 12,1 3-d iacetate (PDAc) mimicks the 
enhancement of the NMDA responses (Pisani et aL, 
1997). In spinal cord motoneurons, the potentiation 
of responses elicited by both NMDA and AMPA is 
blocked by the two PKC blockers, staurosporine or 
chelerythrine chloride [Ugolini et aL (1997) see 
Fig. 1], suggesting the involvement of a PKC-depen- 
dent mechanism in the mGIuR-induced potentiation 
in the spinal cord. 

PKC phosphorylates NMDA and AMPA recep- 
tors (Roche et aL, 1994). The activation by mGluRs 
of PKC might therefore modulate the phosphoryl- 
ation state of these two ionotropic receptors, result- 
ing in a potentiation of the response [see Michaelis 
(1998)]. This mechanism could also explain how 
mGluR potentiation of NMDA' and AMPA re- 



62 



F. Bordi and A. Ugolini 




_| 0.2 mV 

. 10 min 



NMDA 



NMDA NMDA 
ACPD + MCPG 



NMDA 
ACPD 



B 




I 0.2 mV 

10 min 



AMPA 



Fig. 1. The mGluR agonist ACPD facilitates the depolarization of motoneurons induced by NMDA or 
AMPA. This facilitation is blocked by the Group I mOluR antagonist MCPG. Top trace (A) is a repre- 
sentative recording from one experiment in which NMDA (10 /iM, 4 min) potentiation caused by per- 
fusion of ACPD (10 /iM, 20 min) is blocked when ACPD is perfused together with MCPG (500 /xm). In 
the bottom trace (B) an individual trace is taken from one experiment in which MCPG (500 /iM) an- 
tagonizes the ACPD-induced potentiation of AMPA (0.1 /jm, 4 min) responses [reproduced from 

Ugolini e/fl/. (1997)]- 



sponses could be involved (or participate in) some 
forms of plasticity like long-term potentiation (LTP) 
. or nociception [Harvey and Collingridge (1993); 
Corsi ei al. (1997); see below]. 

The specific mGluR5 agonist CHPG is also able 
to potentiate NMDA responses in the hippocampus 
(Doherty et al., 1997) and NMDA or AMPA re- 
sponses in spinal cord motoneurons (Ugolini and 
Bordi, unpublished observations), suggesting a role 
for mGluRs in this action either alone or in combi- 
nation with mGluR, (Fig. 2). In the spinal cord, 
however, there is no evidence for an involvement of 
PKC, in contrast to what it is seen when the 
NMDA or AMPA responses are potentiated by 
ACPD. Both mOluRs and mGluRj may thus act to 
enhance iGluR responses but the two types of 
mGluRs may have different intracellular mechan- 
isms of action. Different functions for the two types 
of Group I mGluRs has also been suggested by 
recent studies with cells transfected with mOluRi 
and mGluRs [see Nakanishi et al. (1998)]. 



4.3. Long-Term Regulation of Synaptic Efficacy 

Group I mGluRs have been implicated in differ- 
ent forms of synaptic plasticity, such as LTP and 
LTD, and in memory formation (Bliss and 
Collingridge, 1993; Riedel and Reymann, 1996). 
LTP and LTD are persistent changes in synaptic 
efficacy induced by tetanic afferent stimulation and 
are considered models of the cellular mechanisms 
underlying learning and memory (Bliss and Lemo, 
1973; Bear and Malenka, 1994). 

4.3.1 . LTP and Memory 

Facilitating effects of the mGluR agonist ACPD 
in LTP potentiation have been shown in hippocam- 
pal slices. Pre-treatment with the mGluR agonist 
causes increased LTP following tetanus compared to 
untreated controls (Otani and Ben-Ari, 1991; 
McGuinness et ai., 1991). ACPD can also induce 
LTP in absence of electrical stimulation. This LTP 
induction depends on an intact connection between 
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Fig. 2. The mOluRj agonist CHPG enhances the depolarization of motoneurons induced by NMDA. 
This facilitation is neither blocked by the Group I mGluR antagonist MCPG nor by the PKC inhibitor 
chelerythrine chloride. Each trace is taken from an individual experiment. Periods of drug perfusion are 
indicated by bars for NMDA (10 /zM, 4 min) and CHPG (1 mM, 20 min). Chelerythrine chloride (3 fiM) 
or MCPG (1 mM) arc co-applied with CHPG. 
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the CA3 and CAl regions of the hippocampus ineffective in other studies (Bordi and Ugolini, 1995; 
(Bortolotto and Collingridge, 1993, 1995; Breakwell Martin and Morris, 1997). Since the mGluR antag- 
et aL, 1996). Since ACPD exerts its facilitating onist readily blocks LTP induction in freely behav- 

action through a PKC-dependent pathway (Anwyl, ing animals (Riedel el ai., 1994, 1995; RiedeJ and 
1991; Otani el ai, 1993), a mechanism proposed to Reymann, 1996), it is possible that the stale of 

explain the involvement of mGluRs in LTP is by anesthesia may interact with the drug action or that 

modulation of NMDA receptors via PRC. This the weaker tetanization parameters necessary to 

view holds that NMDA is sufficient to generate LTP induce a stable LTP in freely-moving rats may 

(Ben-Ari and Aniksztejn, 1995). A different view unmask the role of mGluRs in LTP (Martin and 

suggests that mGluRs trigger directly LTP via acti- Morris, 1997). 

vation of PKC in parallel with induction involving Studies of mice lacking mGluRi confirm the 
NMDA receptors (Watkins and Collingridge, 1994). involvement of Group I mGliiRs in LTP induction, 
It has been difficult to distinguish between these although different results have been reported. In one 
hypotheses using the available mGluR antagonists, study mGluR, -/- mice had normal LTP in the 
MCPG can inhibit both tetanus-induced and CAl or dentate gyrus areas, both NMDA receptor- 
ACPD-induced LTP in the hippocampus CAl dependent pathways, but reduced LTP in the mossy 
(Bashir et aL, 1993). However, MCPG blocked LTP fiber CA3 area, which involves an NMDA receptor- 
only in 'naive slices', but not in slices that had independent pathway (Conquet et aL, 1994). The 
already been stimulated tetanically (Bortolotto et opposite result was found in a study using a differ- 
fl/., 1994). The authors proposed that Group I ent set of mGluRi knock-out mice (Aiba et aL, 
mGluRs activate a molecular switch that, once 1994a; Hsia a/., 1995). 

stimulated, stays on for a long time and need not be The question of LTP in mGluRj-deficient animals 
activated again. This switch is PKC-mediated, since was recently addressed by measuring LTP in the 
its activation is blocked by PKC inhibitors, but it intact hippocampus of anesthetized mice. In these 
does not require co-activation of NMDA receptors, animals, LTP was reduced in the perforant path- 
and can be reset by low frequency stimulation that dentate gyrus pathway (Bordi, 1996). A possible ex- 
depotentiates LTP and re-establishes the need for planation of this result is that dentate gyrus neurons 
mGluR-activation for LTP in non-naive slices receive more inhibitory synaptic drive in vivo than in 
(Bortolotto et ai, 1994). slice preparation where many inhibitory axon collat- 
The effects of MCPG on LTP have been quite erals are lost (Buckmaster and Schwartzkroin, 
variable, however. While some reports confirmed 1 995). Decreasing the level of feedback inhibition by 
the original blocking effect exerted by MCPG in the activation of GABAb receptors on GABA inter- 
hippocampus (Sergueeva et ai, 1993; O^Connor et neurons made it possible to induce normal LTP in 
a/., 1994; Little et aL, 1995) or in the medial frontal mGluRj -/- mice [Bordi et ai, 1997; Fig. 3(A)]. A 
cortex (Vickery et aL, 1997), other studies failed to possible scenario is depicted in Fig. 3(B). According 
find any effect of MCPG in inhibiting tetanus- to this view glutamate controls GABA inhibition via 
induced or ACPD-induced LTP in the hippocampal mGluRj situated postsynaptically on the inter- 
(Chinestra et ai, 1993; Manzoni et ai, 1994; Selig et neuron. MGluRi would thus have an indirect role 
a/., 1995; Thomas and O'Dell, 1995) or in visual in synaptic plasticity by regulating GABA inhi- 
cortical slices (Hensch and Stryker, 1996; Huber et bition. 

a/., 1998). Part of these conflicting results have been Interestingly, a very similar mechanism has been 

explained by the different conditions in which the described for a form of synaptic modulation exerted 

slice is placed in the recording chamber (Bortolotto by mGluRz in the olfactory bulb. Here, activation 

et ai, 1995; Ben-Ari and Aniksztejn, 1995; of the mGluRj-rich granule cells suppresses inhibi- 

Breakwell et al, 1996) or by the different develop- tory GABA transmission to mitral cells allowing the 

mental stage of the animals. Izumi and Zorumski formation of a specific olfactory memory (Hayashi 

(1994) found that MCPG given 5 minutes after teta- et ai, 1993; Kaba et ai, 1994). 
nization was effective in inhibiting LTP in hippo- Mice lacking mGluRs show reduced LTP in the 

campal slices taken from PND15 or 30 but not from regions of the hippocampus that are known to be 

PND60 rats. NMDA receptor-dependent, but they have a normal 

Another factor that may explain different findings LTP in the mossy fiber synapses of the CA3 region 

is the tetanization strength and the resulting intra- (Lu ei ai., 1997). Thus, mGluRs plays an important 

cellular response. Since it has been proposed that in- regulatory role in LTP in NMDA-dependent path- 

tracellular Ca concentration is a critical factor for ways in the hippocampus. 

LTP induction (Malenka a/., 1988, 1 992), a recent Treatments that interfere with LTP are usually 

study using Ca imaging analysis suggests that also studied in cognitive tests (Morris et ai, 1986), 

Group I mGIuRs involvement in LTP is confined to To investigate whether reduced LTP resulted in an 

certain types of potentiation, which are induced by impairment in learning and memory, mGluRs 

weak tetanization and require the release of Ca^^ mutant mice were tested in two different spatial 

from intracellular stores. The stronger the poten- learning tasks, both known to depend on an intact 

tiation, the less are the mGluR antagonists able to hippocampus, the Morris water maze (Morris, 1984) 

inhibit LTP induction (Wang et aL, 1995; Wilsch et and the contextual fear conditioning test (Phillips 

J ^98). and LeDoux, 1992). In both tasks, the performance 

In adult rats, MCPG attenuates LTP in hippo- of mGluRs-deficient mice was significantly different 

campus dentate gyrus in anesthetized animals in one than that of their wild-type littermates (Lu et ai, 

study (Richter-Levin et aL, 1994), but is completely 1997). Interestingly, mGluR, mutant mice were also 
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Fig. 3. (A Effects of mOiuRi +/+ mice and mOIuRi -/- on perforant path-dentate gyrus LTP. 
Consistent LTP was induced in wild-type animals whereas mOluR, -/- animals showed a reduced LTP 
of population spike amplitude compared to control. Baclofen injection did not modify the ability to 
evoke LTP in wild-type animals, but allowed a normal induction of LTP in mutant — /- mice. Top traces 
are representative EPSPs taken from one experiment each at the time indicated on the graph. Each point 
is the average of three evoked potentials. A> When the tetanus was induced (three trains 10 sec apart, 
400 Hz, eight 0.4 msec impulses in each train). A. Start of the baclofen injection (10 mg kg"' mP', i.p.). 
(B) Schematic diagram of the basic dentate gyrus circuit with proposed localization of mGluR|. The 
GABA-releasing interneuron (Int) can be activated by synapses from the glutamatergic perforant path 
(PP) or via a recurrent collateral from the dentate gyrus granule cell (DOC). When GAB A is released 
from the interneuron it acts on presynaptic GABAb receptors [reproduced from Bordi et al. (1997)]. 



impaired in the same behavioral tasks (Conquet el 
ai, 1994; Aiba et ai, 1994a). Taken together these 
results strongly implicate Group I mGluRs in learn- 
ing and memory function. However, since the mice 
are congenitally lacking mGluRi or mGluRs, it is 
possible that these two receptors are only required 
during development to establish a plastic state, and 
may not be needed for the expression of learning 
and memory per se. 

This argument leads to a review of the behavioral 
studies that tested animals in learning and memory 
tasks under pharmacological treatment to see if 
Group I mGluR antagonists also interfere with 
learning and memory. In fact, more consistent 
results of the effects of MCPG on behavior were 
obtained than on tests of LTP. Using different beha- 
vioral paradigms, a number of laboratories showed 
an impairment of the learning performance when 
MCPG was injected intra ventricularly in rats. These 
include inhibition of water maze learning (Richter- 
Levin et ai, 1994; Bordi et ai, 1996) and of Y-maze 
with footshock reinforcement (Riedel et ai, 1994; 



Balschun and Wetzel, 1998). Retention deficits have 
also been reported in passive avoidance learning in 
young chicks [Holscher (1994); Rickard and Ng 
(1995); see Riedel (1996) for review]. Using a more 
potent Group I antagonist, AIDA, Nielsen et ai 
(1997) found blockade of hippocampus-dependent 
contextual fear conditioning, but not hippocampus- 
independent cue conditioning. In contrast, context- 
dependent fear conditioning was not altered by 
MCPG (Bordi et ai, 1996). Similarly, intra-hippo- 
campal injections of MCPG did not affect working 
memory in rats, but AIDA dose-dependently 
increased the number of errors in the three panel 
runway setup (Ohno and Watanabe, 1996, 1998). 
Co-application of MCPG and a NMDA receptor 
antagonist aggravates impairment in the working 
memory task, while infusion of a partial agonist at 
the glycine site, D-cycloserine, reduced the errors 
induced by AIDA. These findings suggest an inter- 
active regulation of memory processes by mGluR- 
and NMDA receptor-mediated mechanisms (Ohno 
and Watanabe. 1996, 1998). 
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43.2. LTD 

Together with LTP, LTD in the cerebellum or in 
the hippocampus is an important example of cellular 
mechanism of long-lasting synaptic plasticity. 

There is clear phannacological evidence that 
Group I mGluRs are involved in the induction of 
LTD at parallel fiber-Purkinje cell synapses in the 
cerebellum (Daniel et a/., 1992; Linden and Connor, 
1993; Hartell, 1994). The antagonist MCPG also 
blocks the induction of homosynaptic LTD in the 
hippocampus (Bolshakov and Siegelbaum, 1994; 
O'Mara et al., 1995) but does not always do so 
(Selig et ai, 1995; Oliet et ai, 1997). MCPG is elTec- 
tive in blocking LTD induced by low-frequency 
stimulation in the visual cortex in some studies 
(Kato, 1993; Haruta et ai, 1994; Hensch and 
Stryker, 1996), but a recent report fails to reproduce 
the same results (Huber et aL, 1998). A possible ex- 
planation of the discrepancies found both in the hip- 
pocampus and in the visual cortex is that there are 
two forms of LTD, one presynaptic and MCPG-sen- 
sitive, the other postsynaptic and NMDA receptor- 
dependent (Oliet et al., 1997; Nicoll et al, 1998). 

Activation of Group I mGluRs with the selective 
agonist DHPG or with the mGluRs specific agonist 
CHPG induces LTD in CAl hippocampus slices in 
Mg^"^-free medium or with GABA-mediated inhi- 
bition blocked. Reduction of DHPG-induced LTD 
in Mg*'*^-free medium is achieved by MCPG or by 
application of the NMDA receptor antagonist (/?)- 
2-amino-5-phosphonopentanoate (AP5) (Palmer et 
al., 1997). Application of ACPD in CAl slices of 
immature rats causes LTD and this effect is also 
blocked by NMDA receptor antagonists (Overstreet 
et ai, 1997). Together, these results indicate that 
mGluRs and NMDA receptor-dependent forms of 
LTD may not be completely independent processes 
(Palmer et al., 1997). 

A study using freely-moving animals found that 
MCPG and 4CPG inhibited LTD induction in the 
hippocampus while Group II mGluR antagonists 
modulate LTD maintenance (Manahan-Vaughan, 
1997). 

Mice lacking mGluRi show reduced LTD in cer- 
ebellar Purkinje cells (Aiba et al., 1994b; Conquet et 
al., 1994). This electrophysiological phenomenon is 
accompanied by impaired eyeblink conditioning 
(Aiba et al, 1994b) and severe motor coordination 
deficits, probably the result of cerebellar dysfunc- 
tion. There are not, however, gross abnormalities of 
the basic bioelectric properties or of excitatory and 
inhibitory synaptic responses in these cells (Conquet 
et al, 1994). The results from mGluR, -deficient 
mice imply a role for these receptors in cerebellar 
LTD, as it was suggested by pharmacological exper- 
iments (Daniel et al, 1992; Linden and Connor, 
1993; Hartell, 1994) or by studies in which anti- 
bodies directed against the N-terminal extracellular 
segments of mGluRi blocked LTD induction in cul- 
tured Purkinje neurons (Shigemoto et al, 1994). The 
other Group I mGluR, mGluRs, does not compen- 
sate for the lack of LTD response in mGluRpde- 
ficient mice. In addition, mice lacking mGluRs do 
not exhibit motor deficits and they have a normal 
LTD (Lu et al, 1997). 



5. GROUP I mGLURs IN PATHOLOGICAL 
CONDITIONS 

Glutamate is a major neurotransmitter that med- 
iates synaptic excitation at the majority of CNS 
synapses and it is therefore involved in many im- 
portant brain functions. Because of its widespread 
presence, glutamate has been implicated in a variety 
of CNS disorders. Overstimulation of glutamate 
receptors results in the death of neurons, a phenom- 
enon called excitotoxicity that has been linked to 
several pathological states in the CNS, such as brain 
ischemia, hypoxia and traumatic brain injury. If this 
excessive glutamatergic activation is blocked by 
competitive or non-competitive glutamate receptor 
antagonists it is possible to reduce the hypoxic- 
ischemic brain damage (Rothman and Olney, 1986). 

Excitotoxicity has also been related to epilepsy 
and may have a role in the pathogenesis of chronic 
neurodegenerative disorders such as Huntington's 
disease or Alzheimer's disease (Greenamyre and 
Young, 1989; Albin and Greenamyre, 1992). 
Whether the neurotoxic actions of glutamate are the 
primary cause of these diseases or a final common 
pathway to neuronal death in many neurological 
disorders is still a matter of numerous debates 
(Greenamyre and Porter, 1994; Kornbuber and 
Wiltfang, 1998). However, pharmacological agents 
that reduce glutamate receptor activation might pro- 
vide a valuable therapeutic approach for neuropro- 
tection of acute and chronic neurodegenerative 
disorders. 

Modifying glutamatergic transmission with drugs 
acting selectively at Group I mGluRs can have im- 
portant potential benefits. By developing drugs 
capable of inhibiting discrete populations of gluta- 
matergic receptors it may be possible to bypass the 
profound side-effects that have limited the clinical 
use of iGluR antagonists (Olney et al, 1989; Olney, 
1994). Moreover, the ability of mGluRs to modulate 
the response of other neurotransmitters may also be 
crucial in the management of neurological and psy- 
chiatric illnesses. 

In the following section the involvement of 
mGluRs belonging to Group I in pathophysiological 
processes will be reviewed. 

5.1. Role of Group I mGIuRs in Nociception 

There is considerable evidence for the involvement 
of the excitatory amino acids, glutamate and aspar- 
tate, in transmission of both acute and chronic pain 
(Besson and Chaouch, 1987; Willis and Westlund, 
1997; Dickenson et al, 1997). A large number of 
peripheral sensory fibers contain glutamate, includ- 
ing C-fibers, and ca 80% of substance P-containing 
fibers also contain glutamate (Battaglia and 
Rustioni, 1988). 

In the spinal cord, the response to brief acute 
mechanical or thermal stimuli appears to involve 
AMPA receptor activation (Aanonsen et al, 1990). 
When the stimulus is maintained and/or its fre- 
quency or intensity is increased, however, NMDA 
receptors become activated, resulting in a poten- 
tiation of the response that underlies many forms of 
central sensitization (Dickenson, 1995). Sensitization 
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is an increase in response to stimulation and has 
been studied experimentally in the spinal cord using 
the 'wind-up' phenomenon (Woolf, 1983; Woolf and 
Wall, 1986), an increase in the number of spikes 
generated by a neuron after each successive stimulus 
during a pulse train [see Baranauskas and Nistri 
(1998) for review]. The wind-up is suggested to be a 
central mechanism for hyperalgesia (Mendell and 
Wall, 1965). Glutamate or NMDA reproduce the 
phenomenon of wind-up (King et al., 1988), whereas 
NMDA antagonists can prevent it (Dickenson and 
Sullivan, 1987; Davies and Lodge, 1987). 

Recent evidence suggests the involvement of 
mOluRs in nociceptive transmission, in accord with 
immunohistochemical distribution studies showing 
the presence of Group I mGluRs in layers I and II 
of the dorsal horn (Vidnyanszky et al.y 1994; Valerio 
et al., 1997b). The potential importance of these 
receptors was suggested by their role in another sen- 
sitization phenomenon, LTP in the hippocampus, 
and by the facilitation induced by ACPD of AMPA 
and NMDA responses in dorsal horn neurons of the 
spinal cord [Bleakman et al. (1992); Cerne and 
Randic (1992); see Fig. 1]. 

Like NMDA receptor antagonists, ahe mGluR 
antagonist MCPG shows a significant inhibition of 
wind-up (Boxall et ai, 1996). Moreover, ACPD 
enhances wind-up of dorsal horn neurons and this 
effects is blocked by 4C3HPG, confirming the invol- 
vement of Group I mGluRs (Budai and Larson, 
1998). Single shock electrical stimulation of the 
spinal cord dorsal root, sufficient to recruit both A- 
and C-fibers, is also used to study in vitro the re- 
sponse to acute noxious stimulation (Thompson et 
ai, 1992). Unlike the NMDA receptor antagonist 
APS, MCPG is able to attenuate the late prolonged 
component of ventral root potentials (Boxall et ai, 

1996) . The late phase, mostly attributed to C-fiber 
activation, is defined as 'peptidergic' because it is 
also affected by neurokinin receptor antagonists 
(Thompson et ai, 1992, 1993) and might therefore 
involve second messenger systems. The early, mono- 
synaptic component of the response, dependent on 
AMPA and kainate receptors, is not affected by 
MCPG or 4CPG (Boxall et ai, 1996; Corsi et ai, 

1997) . Figure 4 depicts the effects of MCPG on ven- 
tral root potentials after single shock stimulus of the 
dorsal root and after wind-up evoked by repetitive 
stimulation. 

Excitation of dorsal horn cells induced by the 
Group I selective agonist DHPG is much greater 
than that evoked by Groups II and III agonists, 
suggesting a functional role for Group I mGluRs in 
this region (Young et ai, 1997). Activation of dorsal 
horn neurons is also produced by cutaneous appli- 
cation of the C-fiber chemical irritant mustard oil 
that brings about central sensitization of these neur- 
ons to afferent input, a process analogous to wind- 
up. The sensitization induced by mustard oil is 
inhibited by ionophoretic application of the selective 
Group I antagonist 4C3HPG (Young et ai, 1994, 
1995), consistent with the observation that mGluRs 
are required in the inflammation induced by carra- 
geenan (Neugebauer et ai, 1994). 

These results suggest that, in addition to NMDA 
receptors, Group I mGluRs are important in the 



generation of the spinal cord nociceptive response. 
Since PKC inhibitors, as well as Ca /calmodulin- 
dependent kinase II inhibitors, also attenuate no- 
ciceptive responses, it has been suggested that PKC 
and possibly Ca^"*" /calmodulin kinase II play a role 
in sensitized nociception in the dorsal horn and that 
Group I mGluRs may be the synaptic mediators 
involved in triggering these signal transduction path- 
ways. The activation of PKC by mGluRs could play 
this role via NMDA phosphorylation and enhance- 
ment (Young et ai, 1997). 

Responses of thalamic neurons to noxious ther- 
mal somatosensory stimuli are also reduced by local 
ionophoretic application of Group I mGluR antag- 
onists (Eaton et al., 1993a,b). The effect is selective 
in that non-noxious vibrissa! stimulation is not 
antagonized (Eaton et al., 1993b). A recent study 
confirmed these findings using the selective mGluRi 
antagonist LY367385, demonstrating for the first 
time the specific contribution of this subclass of 
receptors in nociceptive responses (Salt and Turner, 
1998). This result is in good agreement with the evi- 
dence of the prominent expression of mOluRi in the 
thalamus (Masu et ai, 1991; Shigemoto et ai, 1^92; 
Fotuhi etai, 1993). 

Interestingly, as in the thalamus, synaptic re- 
sponses evoked by innocuous vibnssal stimuli are 
not affected by MCPG in the rat somatosensory cor- 
tex, suggesting that Group I mGluRs in the cortex 
are also not involved in simple sensory transmission 
of mechanical stimuli (Cahusac, 1994). Instead, the 
action of mGluR antagonists seems to be selective 
for noxious stimuli. 

Behavioral studies using the hot-plate model to 
study the nociceptive reflex show that 4CPG and 
MCPG injected intracerebroventricularly in mice 
induce a dose-related increase in paw-licking 
latency, although NMDA receptor antagonists seem 
to be more efficacious (Corsi et ai, 1997). Similar 
results were achieved using the more potent mGluR 
antagonist AIDA (Moroni et ai, 1997). 
Subcutaneous injections of formalin to the plantar 
surface of the rat hindpaw is a widely used animal 
model of persistent pain (Coderre et ai, 1990). The 
formalin test produces two phases: an immediate 
acute nociceptive phase up to 5 min post-injection 
followed by a prolonged tonic nociceptive response 
lasting 20-60 min. NMDA receptor antagonists 
reduce this late phase of nociceptive responses 
(Coderre and Melzack, 1992; Yamamoto and 
Yaksh, 1992). Similarly, rats pretreated with the 
mGluR antagonists 4CPG or 4C3HPG injected 
intrathecally have reduced nociceptive scores in the 
second phase of the formalin test, while the agonists 
DHPG or ACPD enhance these nociceptive re- 
sponses in a dose-dependent manner (Fisher and 
Coderre, 1996a). If the antagonists 4C3HPG or 
MCPG are injected prior to the agonist, the 
enhancement of formalin-induced nociception is 
attenuated. Interestingly, the same blocking effect of 
mGluR-induced enhancement of formalin response 
can be achieved with the NMDA antagonist AP5, 
demonstrating the interaction between mGluRs and 
NMDA in this type of sustained pain (Fisher and 
Coderre, 1996a). 
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Fig. 4. Effects of D-AP5 (A) or MCPG (B) on high-intensity, single shock electrical stimulation (50 mV, 
1 msec) of the dorsal root, and cumulative depolarization ('wind-up') of the ventral root evoked by 
20 sec of 1 Hz repetitive electrical stimulation of the L4/L5 dorsal root. Traces represent different exper- 
iments. D-AP5 (50 AiM) or MCPG (500 /zm) are perfused for 20 min. They are able to reduce the ampli- " 
tude of the wind-up or the amplitude of the late phase of the single shock evoked by dorsal root 
stimulation. Control traces for each experiment are depicted in gray, [reproduced from Corsi et al 

(1997)]. 



Injection of DHPG or ACPD induces spon- 
taneous nociceptive behavior which is blocked by 
Group I mGIuR antagonists (Fisher and Coderre, 
1996b). To investigate the relative contribution of 
mOluRl or mGluR5 in the DHPG-induced re- 
sponses, antibodies selective for the two receptor 
subtypes were injected intrathecally in rats. Both 
antibodies reduced the DHPG-induced nociceptive 
behavior (Fundytus et al., 1998). Furthermore, both 
antibodies significantly attenuated hypersensitivity 
following chronic constriction injury (CCI) of the 
sciatic nerve but neither was effective in reducing 
nociceptive responses to acute heat or chemical stim- 
uli (Fundytus et aL, 1998), supporting the notion 
that Group I mGluRs are primarily important in 
chronic, not acute, pain (Young et al., 1997). 
Similar results were found using the CCI model with 
the Group I mGIuR antagonist 4CPG used to 
attenuate chronic nociceptive behaviors (Fisher et 
aL, 1998). 

Morphine is commonly used for the management 
of pain, although in a limited manner due to the 
development of tolerance and dependence after 
chronic use. Recent work has demonstrated that 
NMDA receptor antagonists attenuate the develop- 
ment of tolerance and dependence if co-administered 



with morphine (Trujillo and Akil, 1991). A study by 
Fundytus and Coderre (1994) has shown that 
mGluRs activation, too, is involved in the develop- 
ment of opioid dependence with chronic morphine 
use, possibly through changes in intracellular mes- 
sengers such as PI hydrolysis and DAG. Chronic 
antagonism of Group I mGluRs may act to com- 
pensate the increase in PI hydrolysis that is elevated 
by activation of /i-opioids particularly during with- 
drawal (Fundytus and Coderre, 1994; Fundytus et 
al., 1997). Thus, treatments with Group I mGluRs, 
as well as with agonists of the other mGluR groups 
(Fundytus and Coderre, 1997), can be very effective 
in decreasing the incidence of opioid dependence. 

In summary, blockade of Group I mGluRs, poss- 
ibly both mGluRi and mGluRs, may be a promising 
new route for treatment of pain, particularly chronic 
pain disorders (Young et aL, 1994, 1997; 
Neugebauer et al., 1994; Fisher et aL, 1998), with 
minimal effects on normal sensory perception. 

5.2. Role of Group I mGluRs in Epilepsy 

Glutamate plays a crucial role in epileptogenesis. 
Overstimulation of iGluRs leads to seizures and 
excitotoxic injury throughout the CNS and in par- 
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ticular in the hippocampus, a vulnerable region to 
injury after seizures (Meldrum, 1994; Bradford, 
1995). Glutamate antagonists selective for either 
NMDA or non-NMDA receptors are potent anti- 
convulsants in several different models of epilepsy 
(Patel ei ai, 1990; Chapman et al, 1991). 

The mOluRs are currently under intense investi* 
gation to understand their role in epileptogenesis. 
Early reports showed that ACPD injected in rats or 
mice induces limbic seizures followed by selective 
neuronal degeneration (Sacaan and Schoepp, 1992; 
McDonald et aL, 1993; Tizzano et aL, 1993). Later 
studies extended these findings to the specific Group 
I agonist DHPG. DHPG-induced limbic seizures in 
mice (Tizzano et ai, 1995) and rats (Camon et al., 
1998) are not prevented by NMDA or AMPA/kai- 
nat^ receptor antagonists (Tizzano et al., 1995). 
Both ACPD and DHPG have been suggested to 
exert their action by a common mechanism, most 
likely involving Ca^"*" mobilization subsequent to 
PMinked mGluR activation. L-2-amino-3-phospho- 
nopropanoic acid (L-AP3) and dantrolene, inhibitors 
of mGluR-mediated intracellular calcium mobiliz- 
ation, prevent or attenuate the ACPD or DHPG- 
induced seizures in mice (Tizzano et ai., 1993, 1995). 

In the audiogenic-induced convulsion model, the 
Group I mGluR antagonist 4C3HPG has an antic- 
onvulsant action in mice (Thomsen et al., 1994; 
Dalby and Thomsen, 1996). Similar suppression 
effects by 4C3HPG are found in rats that are geneti- 
cally prone to epilepsy (Tang et al., 1997). Although 
4C3HPG is also an agonist for Group II mGluRs, 
various types of evidence, including the failure by 
the selective Group II agonist l-CGG-I to induce 
seizures, suggest that the acute convulsant action is 
predominantly mediated by antagonism of Group I 
receptors (Tang fl/., 1997). 

Recordings of epileptic activities made in vitro in 
hippocampal or neocortical slices confirm the contri- 
bution of Group I mGluRs in the production of sei- 
zure discharges. Spontaneous epileptiform bursts in 
guinea pig hippocampal neurons elicited by ex- 
posure to the GABA receptor antagonist picrotoxin 
can be blocked by MCPG (MerHn. et al., 1995) or 
transformed into persistent prolonged discharges by 
the agonist DHPG (Merlin and Wong, 1997). 
Group I mGIuRs may have a role in initiating the 
epileptogenesis process, which also requires active 
protein synthesis (Merlin et al., 1998). In rat neocor- 
tical neurons, the GABA antagonist bicuculline 
induces epileptiform discharges that are suppressed 
by MCPG, although this antagonist fails to attenu- 
ate the ACPD-induced increase of epileptiform ac- 
tivity (Burke and Hablitz, 1995). 

Exposure to 4-aminopyridine (4-AP), a blocker of 
voltage-gated K"^ channels, results in the generation 
of spontaneous discharges in brain slices that re- 
sembles interictal spiking and ictal epileptiform 
bursts (Rutecki et al., 1987). MCPG selectively pre- 
vents the development of these events in the basolat- 
eral amygdala, without affecting the maintenance of 
the ictal discharges or the interictal spiking 
(Arvanov et ai, 1995). The mGluRs appear to be 
important in the transition from normal neuronal 
functioning to epileptiform bursting. Whether this 
effect is mediated by Group I or Group II mGluRs 



is not yet clear, because MCPG is an antagonist for 
both groups and in the basolateral amygdala both 
mGluRl and mGluR2 are expressed (Ohishi et al., 
1993; Shigemotp et ai, 1992). However, an action 
via Group I is more plausible since it is in agreement 
with the findings obtained both in vivo and in vitro 
showing Group I agonist-induced epileptic re- 
sponses. 

A popular model of epilepsy is electrical kindling, 
a phenomenon in which repeated application of 
low-intensity stimulation to amygdala or pyriform 
cortex causes gradual seizure development culminat- 
ing in generalized motor seizures (Goddard et al., 
1969). Kindling, too, is blocked by injection of 
NMDA receptor antagonists (Croucher et al., 1988; 
McNamara, 1988). There is accumulating evidence 
for a crucial role of presynaptic Groups II and III 
mGluR in this model (Attwell et al., 1995; Suzuki et 
ai, 1996; Neugebauer et al., 1997), but an involve- 
ment of postsynaptic Group I antagonists is not 
excluded (Suzuki et ai, 1996). Change in mGluRj 
and mGluRs mRNAs is seen in the hippocampus of 
amygdala-kindled rats (Akbar et al., 1996), and 
alterations of both Groups I and II mGluRs- 
mediated responses are found in amygdala neurons 
of kindled animals. Upregulation of Group I may , 
contribute to the transition to epileptiform bursting 
in kindled cells (Holmes et ai, 1996). Activation of 
Group I mGluRs should be effective in modulating 
epileptic activity considering the exaggerated Ca^"*" 
entry into kindled slices (Heinemann and Hamon, 
1986). Blocking intracellular Ca^"*" via Group I 
mGluR antagonism may interrupt the increased ex- 
citatory response of the epileptic neuron (Bradford, 
1995), but this hypothesis awaits future studies and 
more specific mGluR agents. 



5.3. Role of Group I mGluRs in Neurodegeneration 

5.3.1. Brain Ischemia 

Since glutamate plays a key role in ischemic brain 
damage, drugs that decrease the accumulation of 
glutamate or block its postsynaptic effects are as- 
sociated with the amelioration of ischemic injury 
and should be regarded as potential therapeutic 
agents for stroke (Simon et ai, 1984; Rothman and 
Olney, 1986). NMDA receptors in particular have 
attracted the attention of researchers because they 
gate an ion channel permeable to Ca^"^ and gluta- 
mate-induced neurotoxicity is mainly dependent on 
the intracellular accumulation of Ca (Choi, 1988, 
1995). Recent evidence has demonstrated that 
mGluRs, too, may play an important role in excito- 
toxicity [Nicoletti et al. (1996) for a review]. 

Quisqualate, DHPG or r-ADA amplify the exito- 
toxic neuronal degeneration induced by NMDA in 
cultured murine cortical cells (Bruno et ai, 1995a; 
Strasser et al., 1998), suggesting that Group I 
mGluRs enhance NMDA receptor-mediated neur- 
onal toxicity. The relief of Mg~"^ blockade of 
NMDA channels by PKC has been proposed to be 
the principal process by which activation of Group I 
mGluRs amplifies NMDA toxicity (Bruno et al., 
1995a). 
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A neuroprotective effect against NMDA-mediated 
damage has been observed both by blocking Group 

I mGluRs (Buisson and Choi, 1995; Orlando ei al., 
1995; Sirasser et aL, 1998) and by activating Groups 

II and III mGluRs (Bruno et aL, 1994, 1995b; 
Buisson et aL, 1996). These results are in agreement 
with earlier experimental evidence of mixed effects 
using the non-selective mGluR agonist ACPD. This 
compound protects cultured neurons against exci to- 
toxic degeneration and ischemic damage in vivo 
(Koh et aL, 1991; Chiamulera et al., 1992; Sihprandi 
et al., 1992; Pizzi et al., 1993), but also produces 
neurotoxic effects when infused into the striatum or 
the hippocampus (Sacaan et al., 1991; McDonald 
and Schoepp, 1992; Schoepp et al., 1995). The neu- 
roprotective action of ACPD is probably mediated 
by activation of presynaptic Groups II or III 
mGluRs (Bruno et al., 1995b), whereas neuronal 
toxicity is mediated by Group I mGluRs. 

Neurons in hippocampal CAl, a region known to 
be highly vulnerable to cerebral ischemia (Pulsinelli, 
1985), are protected by MCPG from a hypoxic- 
hypoglycimic injury measured in slices electro- 
physiologically (Opitz et al., 1994). A follow-up 
study using a variety of selective mGluR agents has 
shown that in this in vitro model of hypoxia, acti- 
vation of Group I mGluR antagonism is beneficial 
if it happens before or during the insult (Opitz et al., 
1995). MCPG also attenuates the hypoxia-induced 
suppression of excitatory synaptic transmission in 
dentate gyrus neurons in vitro (Doherty and 
Dingledine, 1997). 

A widely used model of global ischemia, a type of 
injury that typically occurs following cardiac arrest 
in humans, is the transient or permanent forebrain 
ischemia in gerbils produced by an occlusion of the 
carotid arteries (Araki et al., 1989). The antagonist 
4C3HPG protects CAl pyramidal neurons when 
applied 20min before permanent occlusion of the 
carotid arteries (Henrich-Noack et al., 1998). As 
previously mentioned, 4C3HPG is also an agonist 
for Group II mGluRs, therefore the neuroprotective 
action could be due to activation of these receptors, 
or to a synergistic effect of both blocking Group I 
mGluRs and activating Group II mGluRs, as 
suggested by the authors (Henrich-Noack et al., 
1998). A role for Group II mGluRs in the gerbil 
model of global ischemia was partially confirmed 
with the specific mGluRj agonist (15,25,5/?,65)-2- 
aminobicyclo[3. 1 .0]hexane-2,6-dicarboxylate 
(LY354740) (Bond et al, 1998). In this study 
damage of CAl cells induced by transient occlusion 
of the carotid arteries was reduced by LY354740. By 
increasing the severity of the ischemic insults, how- 
ever, the neuroprotective effects were greatly 
reduced or disappeared. 

Increased glutamate activation has been also 
implicated in another acute neurodegenerative dis- 
ease, posttraumatic injury (Hayes et al, 1988; Faden 
et al., 1989). Pharmacological blockade of Group I 
mGluRs reduces neurological deficits produced by 
traumatic brain injury (Gong ei al., 1995), whereas 
activation of these receptors with DHPG exacer- 
bates posttraumatic neuronal death in an in vitro 
model of cortical trauma (Mukhin et al., 1996, 
1997). In addition, an mGluR,, but not mGluRs, 



antisense oligodeoxynucleotide is neuroprotective in 
this experimental model. 

Oxidative stress represents an important pathway 
leading to neuronal degeneration which can interact 
with excessive glutamate activation to cause damage 
to brain tissue, including stroke, hypoxia, and 
trauma (Coyle and Puttfarcken, 1993). Recent data 
have shown that activation of Group I mGluRs in a 
hippocampal cell line generates a cellular response 
that is protective to oxidative stress caused by 
cysteine-deprivation or glucose starvation (Sagara 
and Schubert, 1998). In line with these results, 
mGluRs activation of cultured cerebellar granule 
cells also protects against apoptotic death (Copani 
et al., 1995, 1998). The development of apoptosis 
was accelerated after treatment with either mGluRs 
antisense oligonucleotides or with the Group I 
mGluR antagonist MCPG. Interestingly, the func- 
tions of mGluRs in astrocytes support a role for 
these receptors in repair processes of injured CNS 
tissue (Balazs et al., 1997). Programmed cell death 
or apoptosis can also occur in response to ischemia, 
or trauma, situations in which most cells die by 
necrosis as a result of acute injury. If injured cells 
do not die immediately, they may die by apoptosis 
(Raff et al., 1993for a review). Group I mGluRs, . 
particularly mGluRs, may contribute to the develop- 
ment of delayed death. 

In summary, it appears that antagonism of Group 
I mGluRs, and particularly of. mGluRi, might be 
protective following brain ischemia and other forms 
of acute neuronal degenerative diseases like hy- 
poxia/hypoglycemia (Opitz et al.; 1995) or traumatic 
brain injury (Mukhin et al., 1996). Although lack of 
selectivity or brain penetration of the available com- 
pounds make it difficult to draw definite con- 
clusions, it is already promising that blockade of 
mGluRs are effective in reducing neuronal damage 
after global ischemia, where NMDA receptor antag- 
onists fail to do so (Buchan et aL, 1991; Rothman 
and Olney, 1995). 

5.3.2. Huntington's and Parkinson's Diseases 

Recently excitotoxicity has been proposed as par- 
ticipating in the pathogenesis of chronic neurode- 
generative disorders such as Huntington's disease or 
Parkinson's disease (Albin and Greenamyre, 1992; 
Greenamyre and Porter, 1994; Blandini el al., 1996). 
Consistent with this hypothesis, NMDA antagonists 
can attenuate the l-methyl-4-phenyl-l,2,3,6-tetrahy- 
dropyridine (MPTP)-induced destruction of nigros- 
triatal neurons, a well known experimental model of 
Parkinson's disease (Turski et aL, 1991), and the 
NMDA receptor agonist, quinolinic acid, when 
injected into the striatum, causes lesions resembling 
the neuropathological features of Huntington's dis- 
ease (Beal et al., 1986). 

The mGluR agonist ACPD injected in the stria- 
tum produces excitotoxicity (Sacaan et al., 1991) 
and in the quinolinic acid model, the mixed Group I 
mGluR antagonist-Group II agonist 4C3HPG 
shows a protective action, similar to that produced 
by NMDA antagonists (Orlando et al., 1995). In 
Parkinson's disease the degeneration of the dopa- 
minergic neuronal system that projects from the 
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substantia nigra to the striatum is thought to lead to 
symptoms of the disease [Chase et al (1998) for a 
review]. In the striatum, Sacaan et al. (1992) have 
demonstrated a functional interaction between DA 
and mOluRs. When ACPD was injected into the rat 
striatum, it induced extrapyramidal motor activation 
that was dependent on an intact DA system. 
Kearney et al. (1997) confirmed these results with 
the selective Group I agonist DHPG. Injections of 
ACPD or DHPG also activate the subthalamic 
nucleus, which provides excitatory input to the basal 
ganglia and influences locomotion and control of 
voluntary movements (Abbott et al., 1997). Since 
overactivity of this nucleus is a major feature of 
Parkinson's disease (Albin et al., 1989), Group I 
mGluR antagonists may provide a treatment for 
Parkinson's disease (Kearney et al., 1997). 

In the nucleus accumbens, an area in ventral stria- 
tum implicated in the limbic-motor interface [see 
Amalric et al. (1994) for a review]. Group I mGluRs 
play an important role in the regulation of loco- 
motor activity by interacting with dopaminergic 
neurotransmission (Attarian and Amalric, 1997; 
Kim and Vezina, 1997, 1998a). Recent findings have 
extended the contribution of Group I mGluRs in 
the nucleus accumbens to amphetamine-induced 
locomotion, suggesting a possible role for these 
receptors in the expression of sensitization behaviors 
induced by psychostimulant drugs (Kim and Vezina, 
1998a,b). 

Although research concerning the involvement of 
mGluRs in extrapyramidal motor disorders is still in 
its infancy, this beginning is surely very encouraging 
and in the next few years we can expect a great deal 
of progress in this area. 

5.3.3. Alzheimer's Disease 

The glutamatergic hypothesis of dementia was 
proposed in the late 1980s (Greenamyre et al., 
1988). According to this view, excitotoxicity partici- 
pates in the pathogenesis of Alzheimer's disease 
(Greenamyre and Young, 1989; Choi, 1992). 
Interestingly, the p amyloid protein that accumu- 
lates in Alzheimer's disease can potentiate excito- 
toxic degeneration (Mattson et al., 1992). 

Stimulation of mGluRja in human embryonic kid- 
ney (HEK) 293 cells accelerates the breakdown of 
the amyloid precursor protein (APP) into non-amy- 
loidogenic soluble forms of APPs, thus reducing ji 
amyloid formation (Lee et al., 1995). A similar effect 
is seen when cultured hippocampal neurons are 
stimulated with glutamate, quisquilate, or trans- 
ACPD. The effect is blocked by a PKC inhibitor 
and is mGluR-selective because iGluR agonists do 
not affect APPs degradation. 

Agonists of Group I mGluRs might therefore rep- 
resent a new class of therapeutic agents for 
Alzheimer's disease (Lee et ai, 1996). Furthermore, 
the involvement of Group I mGluRs in synaptic 
plasticity, such as LTP and learning and memory 
(see earlier), could lead to the development of 
specific agents that might modulate hippocampal 
functions to enhance cognitive functions in patients 
afflicted by dementia. Drugs acting on mGIuRs 
might also show better results in clinical trials or 



exhibit fewer side-effects than agents which block or 
modulate NMDA receptors [see Kornbuber and 
Wiltfang (1998) for a review]. 

5.4. Role of Group I mGluRs in Psychiatry 

Disorders 

There are a number of clinical and animal labora- 
tory reports suggesting an involvement of glutamate 
in psychiatric disorders. Indeed, glutamatergic 
abnormalities have been associated with schizo- 
phrenia (Bunney et al., 199i5; Olney and Farber, 
1995) and mood disorders (Trullas and Skolnick, 
1990; Skolnick et al., 1996). 

Recent evidence has demonstrated that treatment 
with the antidepressant imipramine can modify the 
sensitivity of Group I mGluRs, as measured by 
population spikes recorded in the CAl region of the 
rat hippocampus (Pile et al., 1998). Modification of 
Group I mGluRs may thus play a role in the mech- 
anism of action of certain antidepressants. 

The mGluRs can represent an alternative, non- 
dopaminergic therapy for the treatment of schizo- 
phrenia, as suggested by Moghaddam and Adams 
(1998) who found that a Group II specific mGluR 
agonist inhibiting glutamate release by modulating 
presynaptic sites, reversed the behavioral disruptions 
in the phenyclidine model of schizophrenia. 

Future studies will show whether Group I post- 
synaptic mGluR antagonists also play a role in 
relieving schizophrenic symptoms. In general, 
mGluRs may provide important pharmacological 
therapeutic targets for psychiatric disorders in which 
glutamatergic neurotransmission is abnormally regu- 
lated. The metabotropic receptors have a clear ad-, 
vantage over the iGluRs which are ubiquitous and 
mediate fast synaptic transmission throughout the 
CNS (Moghaddam and Adams, 1998). 



6. CONCLUSIONS 

Our understanding of the functions of mGluRs in 
the brain has progressed in recent years at an excep- 
tional pace. The study of mGluRs may be the fastest 
growing area of all neurotransmitter receptors. In 
particular, Group I mGluRs have been extensively 
investigated at the molecular, cellular, and beha- 
vioral level leading us to an appreciation of their 
great importance in the CNS. 

Both mGluRi and mGluRs have been linked to a 
variety of brain disorders, including epilepsy, pain, 
ischemia and chronic neurodegenerative disorders. 
The role of Group I mGIuRs in modulating gluta- 
matergic neurotransmission and their selective pre- 
sence in the CNS may provide a potential important 
therapeutic approach in many CNS disorders. 
iGluR treatment, on the other hand, had demon- 
strated in clinical trials to be associated with mul- 
tiple side-effects possibly due to their ubiquity 
throughout the CNS and their fast excitatory prop- 
erties. 

Progress in developing drugs specific for the 
different mGluR classes requires, however, more 
selective and potent antagonists and agonists. With 
more compounds available, the next few years 
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should witness major advances in this area, adding 
to our understanding of mGluR functions in the 
brain and in the discovery of new agents for the 
treatment of neurological and psychiatric disorders. 
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The sequences of the metabotropic glutamate recep* 
tors (mGluRs) show little homology with other members 
of the G protein-coupled receptor family and exhibit 
several distinctive features, including a large N-termi- 
nal extracellular domain with 17 cysteines in conserved 
positions. Here we demonstrate that mGluR5, as well as 
other mGluRs, behave as species approximately twice as 
large as expected from their sequence, but reducing con* 
ditions cause a decrease to the predicted molecular 
mass. Co-immunoprecipitation experiments using wild 
type and epitope-tagged receptors demonstrate that this 
is due to specific, disulfide-dependent dimerization of 
the receptor. The intermolecular disulfide that mediates 
dimerization occurs in the extracellular domain, within 
about 17 kDa from the N terminus. 



Glutamate is the primary neurotransmitter for excitatory 
neiu'otransmission in the vertebrate central nervous system 
and as such is responsible for a broad range of physiological; 
and pathophysiological roles. These include transmission "in 
sensory pathways, higher brain functions such as learning and 
memory, and cjrtotoxicity and neuronal death. 

Two classes of receptors for glutamate are present on neural 
cells: the ionotropic glutamate receptors (iOluRs)^ and the 
metabotropic glutamate receptors (mGluRs). The iGluRs are 
ligand-gated cation channels, and they mediate rapid synaptic 
transmission. The iGluRs include the iV-methyl-D-aspartate, 
a-amino-3-hydroxy-5-methyl*4*isoxazole propionic acid, and 
kainic acid families of receptors. At least eight mGluRs have 
been molecularly characterized, and these activate effectors via 
interactions with heterotrimeric G proteins (1). Thus, the 
mGluRs are important for neuromodulatory functions, al- 
though mGluRs clearly mediate transmission at the retinal 
photoreceptor-depolarizing bipolar ceil synapse (2-4) and at 
certain thalamic sensory neurons (5). 

Although, the mGIuRs possess seven transmembrane do- 
mains, there are important differences between these receptors 
and other G protein-coupled receptors. There is no primary 
sequence similarity between the mGluRs and the rhodopsin- 
like receptors (4). The recently described Ca^'^-sensing recep- 
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tors are homologous to the mGluRs (6, 7); so together the Ca^"^ 
and glutamate receptors appear to constitute a unique sub- 
group of this supergene family. Receptor domains responsible 
for signal transduction also appear different. For example, the 
third intracellular loop is important for determining the spec- 
ificity of G protein coupling in most G protein-coupled receptors 
examined, whereas the C-terminal end of the second, intracel- 
lular loop is critical in the mGluRs (8-10). Moreover, all 
mGluRs have a very large N-terminal extracellular domain 
(about 65 kDa in mGluRS), constituting about one-half of the 
protein, whereas most G protein-coupled receptors do not. The 
glutamate binding domain is believed to lie in this extracellular 
region (11, 12), not within the bundle of membrane-spanning 
domains, as is typical of the rhodopsin-like receptors. 

Another unique structural feature is that there are 21 con- 
served cysteine residues in all the mGluRs (13). Nineteen of 
these are in . the N-terminal domain and extracellular loops. 

■ Nine of the cysteines are at the C-terminal portion of the 
extiracellular domain, and this region has been compared with 

'^ similar cysteine-rich domains of receptor tyrosine kineises (12). 
Although the function of these cysteines is unknown, the strict 
conservation of position implies that the function is a shared 
and important one for this family of receptors. 

Although native iGluRs are thought to function as hetero- 
meric pentamers (14-16), the mGluRs, by analogy with other G 
protein-coupled receptors, have been assumed to be monomeric 
(1, 4, 17). However, this has not been directly demonstrated. 
Using biochemical and molecular techniques, here we demon-- 
strate that mGluRs are not monomeric but are instead co- 
valently linked dimers, bound by disulfide bonds between con- 
served cysteines in the N-terminal extracellular domain. 

EXPERIMENTAL PROCEDURES 

Antibodies, Western blots, and Immunoprecipitates — ^Antibodies to 
wild type (wt) mGluR5 were affinity-purified antipeptide antibodies 
raised against an immunogen that contained the C-terminal 13 amino 
acids as described (18). Antibodies to wt mGluRla were affinity-puri- 
fied antipeptide antibodies raised against an immunogen that con- 
tained the sequence of residues 1116-1130 (i.e. EFVYEREGN- 
TEEDEL) of the rat mGluRla (19). Both monoclonal and polyclonal 
anti-hemagglutinin (HA) antibodies were obtained from Babco (Berke- 
ley, CA); the polyclonal antibody was used for immunoprecipitation, the 
monoclonal antibody for Western blots and immunocytochemistry. An- 
tibodies to mGluR2-3 and mGluR4 were the generous gift of Dr. 
Thomas Knoepfel (CIBA, Basel, Switzerland). Preparation of brain 
tissue, electrophoresis (on 6 or 7.5% polyacrylamide gels), and transfers 
onto pol3nrinyIidene difiuoride membranes (Immobilon P; Millipore, Wa- 
ters, MA) were as described (18). For preparation of membranes from 
transfected cells, cells were washed once in PBS, then subjected to one 
freeze-thaw cycle. They were scraped into lysis buffer (2 mM HEPES 
and 2 mM EDTA, pH 7.4, containing protease inhibitors) and homoge- 
nized in a glass homogenizer with a motorized Teflon pestle. The 
nuclear pellet (1000 x ^, 5 min) was discarded, and membranes were 
harvested after pelletting (35,000 x g^ 30 min). For immunoprecipita- 
tions, membranes were homogenized in PBS containing 0.5 or 1% SDS.* 
The SDS extract was diluted 5- or 1 0-fold into PBS containing 0.5% 
dodecyl maltoside to sequester free SDS into mixed micelles, thereby 
permitting immunoprecipitation. Antireceptor antibody was added, and 
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the mixture was incubated at 4 'C overnight. Protein A-Sepharose 
(Sigma) was added, and the incubation continued for 2 h at room 
temperature on a rocking table. The protein A pellets were washed 
three times with PBS before elution with sample buffer and electro- 
phoresis. The sample buffer always contained 29b SDS and, when indi- 
cated, 20 mM dithiothreitol (DTT). Samples were heated at 60 *C for 3 
min before electrophoresis. 

Receptors and Cells— The cDNA fragments containing the fuU-length 
mGluRS or mGluRla coding sequences were ligated into pcDNAlneo 
(Invitrogen) downstream of the C3rtomegalovirus promoter (18). The 
HA-tagged mGluR5 mutant was constructed using recombinant poljrm- 
erase chain reaction (20) with two sets of primer pairs. The first set 
(5'-CATGACGACX3TTCGCAGAGAT-3', nucleotides 3482 to 3501, 
GenBank accession number D10891; and 5'-ATCCTCTCCCAAATAT- 
GACACTTATCCATATGATGTTCCAGATTATGCT-3'. nucleotides 
3720-3741 followed by the HA epitope in bold) and the second 
(5'-TATCCATATGATGTTCCAGATTATGCTTGAGCCACT- 
GGAAACTTC(XT-3', representing the HA epitope in bold followed by 
nucleotides 3781-3801; and 5'-CACACACGGTGGAGACATGAGCG- 
GCCGCTAAA, nucleotides 3897-3918 followed by a Notl restriction 
site) were used to amplify DNA fragments of 286 or 164 base pairs from 
wt-mGIuil5. Both fragments were used as templates in another round 
of polymerase chain reactions using the two flanking primers, and the 
resulting fragments were then used to replace wt sequences in mGluR5. 
tHA was constructed using HA-tagged mGluRS as a template together 
with primer sets fusing sequences within the first intracellular domain 
in frame with those of the HA-tagged C terminus. The 5'-primer set 
included 5'-GAAGTCAGCTGTTGTTGG-3' (identical to nucleotides 
1843-1860) as well as 5'-CGAGTCCACCGAGTCTCTAGACTTGAC. 
CACC(5GAGT-3' (complementary to nucleotides 2083-2097 and 3685- 
3668). The 3'-primer set consisted of the complement of the latter 
primer together with the Notl restriction site-containing primer de- 
scribed above. First and second round polymerase chain reaction was 
performed as described. The final product was digested with BstEll and 
Notl and then subcloned into wt-mGl\iR5 cut with the same enzymes.. 
The resulting plasmid was termed tHA. Both the HA*tagged mGluRS 
and tHA were confirmed by sequencing, 

HEK cells at 80% confluency were transfected with 15 /ig of plasmid 
DNA using LipofectAMINE (Life Technologies, Inc). Forty-eight hours 
later membranes were prepared and immunoprecipitated with the in- 
dicated antibodies as described above. Immimohistochemical analysis 
of cotransfected cells was done on Lab-Tek chambered glass slides. 
Primary Eintibodies included the HA monoclonal antibody and anti-wt- 
mGluRS, followed by fluorescein isothiocyanate-labeled goat anti- 
mouse and CY3-labeled goat anti-rabbit (Jackson ImmunoResearch 
Labs, Inc.) secondary antibodies, respectively. 

• RESULTS 

Metabotropic Glutamate Receptors Migrate at about Twice 
Their Predicted Molecular Mass under Nonreducing Condi- 
tions — ^To examine the possible structural or conformational 
roles of the conserved cysteines in mOluRs, the electrophoretic 
mobility of mGluR5 (from rat cortical membranes) was exam- 
ined under reducing and nonreducing conditions in SDS gels 
(Fig. 1A\ In the presence of the reducing agent DTT or 2-mer- 
captoethanol (not shown), mGluR5 migrated at an apparent 
molecular mass of -148 kDa. Deglycosylation with peptide 
JST-glycosidase F reduced this to —130 kDa (not shown), consist- 
ent with the size predicted from the primary sequence. How- 
ever, in the absence of reducing agent, mGIuRS migrated at an 
apparent molecular mass of —260 kDa (Fig. lA). Because sam- 
ples were prepared in the presence of the denaturing detergent, 
2% SDS, most noncovalent interactions should have been 
eliminated. 

One interpretation of this result is that mGluRS is covalently 
attached by intermolecular disulfide bonds to another compo- 
nent of the membrane, but other possibilities must be consid- 
ered. A different electrophoretic mobility in the presence of 
reducing agents may reflect an altered conformation due to 
cleavage of intramolecular disulfide bonds. However, such 
bonds usually promote compact structures that on reduction 
increase the Stokes radius and, hence, increase the apparent 
molecular mass of the protein. Another possibility is that spu- 
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Fig. 1. mGluRs have a high apparent molecular mass under 
nonreducing conditions. A, Western blot analysis of rat cortical 
membranes (25 /utg of protein/lane) using an antibody directed to the C 
terminus of wild type mGliiR5. DTT caused the receptor to shift to a 
lower apparent molecular mass. Pretreatment of the membranes with 
iodoacetate {lAA) did not alter the apparent molecular mass. B, 
Sephacryl S-400 column chromatography of SDS-solubilized rat brain 
membranes in the presence or absence of DTT indicate that mGluRS 
migrates as a lower molecular mass species in the presjence of DTT. 
Protein was measured spectroscopically {OD280), and mGluRS was 
detected by assaying every other fraction by Western blotting. Column 
dimensions, 75 x 1.5 cm. 



rious disulfide bonds may form between free sulfiiydryls during 
SDS denaturation of the protein, leading to artifactual covalent 
association of mGluRS with another protein. To test this, mem- 
branes were treated with iodoacetate to alkylate free sulfhy- 
dryls and then solubilized with SDS (Fig. lA, right lane). The 
receptor still behaved as a high molecular mass species, indi- 
cating that the disulfide bonds responsible for holding this 
species together were present prior to solubilization, as part of 
the native structure (Fig. lA). 

To verify this reduction-dependent alteration in molecular 
mass by an independent technique, Sephacryl S-400 gel filtra- . 
tion chromatography in the presence of SDS was used. For this 
experiment cortical membranes (2 mg of protein) were dis- 
solved in PBS containing 1% SDS (±10 mM DTT), which also 
served as column buffer. Reduction led to a large decrease in 
apparent molecular mass of the receptor (Fig. IB). Taken to- 
gether, these results indicate that mGluRS is covalently at- 
tached via disulfide bonds to another component(s) of the 
membrane. 

. This molecular mass shift was not unique to mGluRS. Under 
nonreducing conditions mGluRla (another group 1 mGluR), 
mGluR2-3 (a Group 2 mGluR) and mGluR4 (a Group 3 mGluR) 
all migrated as species about twice as large as expected, with 
reduction causing a shift to the appropriate molecular mass 
(data not shown). 

Metabotropic Glutamate Receptors Are Dimers under Nonre- 
ducing Conditions — What is the nature of the molecule to 
which mGluRS is attached? The receptor may be bound by 
disulfide bridges to a distinct molecule; therefore, the high 
molecular mass species would be heteromeric, or alternatively, 
the receptor may be a homodimer. 

When mGluRS was expressed in HEK cells, it migrated as 
the high molecular mass form in nonreducing gels (not shown); 
this indicated that either the receptor forms homodimers, or 
that HEK cells endogenously express the mGluRS-associated 
protein. To determine which of these hypotheses is correct. 
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Fig. 2. Co-immunoprecipitation of wt and epitope<tagged re- 
ceptors. A, schematic representations of wt, HA-tagged, and tHA 
mGluR5 receptors. Putative transmembrane domains are shown in 
blackt and positions of the 21 conserved cysteine residues are indicated. 
The amino acid sequences of wt and HA epitopes present at the C 
termini of the receptors are shown. HEK 293 cells co-transfected 
with both HA-tagged and wt mGluRS, labeled with antibodies (A6) to wt 
(left panel) or HA- tagged (right panel) mGluR5. The same population of 
cells are labeled. C, mGluRs form dimers. Membranes from cells ex- 
pressing HA-mGluR5, wt-mGluR5, or both were treated with SDS and 
immunoprecipitated with HA polyclonal or wt antibodies (ippt Ab). 
Precipitated products were reduced using 20 mM DTT and resolved on 
a 6% SDS-polyacrylamide gel. Separated products were transferred to a 
polyvinylidene difluoride membrane and probed with anti-HA mono- 
clonal antibody followed by enhanced chemiluminescence. Molecular 
mass markers are shown on the rigfU. Antibody to the wt receptor 
immunoprecipitated HA receptor from cotransfected cells, indicating 
that heterodimerization occurred. 

cross-immunoprecipitation experiments were performed. A 
plasmid encoding an mGluR5 epitope tagged at the C terminus 
was constructed. Because the antibody we have used to recog- 
nize wt mGiuR5 is directed toward the C terminus (18), the 
nucleotides coding for the wt C terminus were removed and 
replaced by the sequence encoding the HA epitope (Fig. 2A; Ref. 
21). After expression in HEK cells, HA-mGluR5 also behaved 
as a high molecular mass species in nonreducing gels, indicat- 
ing that alteration of the C terminus did not disrupt formation 
of the disulfide-bound complex (not shown). If the receptors 
form covalent homodimers, some of the wt-mGluR5 and HA- 
mGluR5 may be expected to be found in the same dimer when 
both receptors are expressed in the same cell. If, however, each 
receptor is bound to an unidentified, distinct molecule to form 
the high molecular mass form, no wt-mGluR5-HA-mGluR5 het- 
erodimers should be found. 

Transient transfection of HEK cells with both plasmids led to 
uptake and expression of both receptors in the same individual 
cells (Fig. 2B). Membranes prepared from the cotransfected 
cells were solubilized in 0.5% SDS to disrupt noncovalent in- 
teractions between proteins. As expected, anti-wt did not im- 
munoprecipitate any HA-tagged proteins from cells expressing 
only HA-mGluR5 (Fig. 2C), nor did anti-HA bring down wt- 
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Fig. 3. mGluRla and mGluR5 do not form heterodimers. Mem- 
branes from cells expressing wt-mGluRla (la), HA-mGluR5 (HA\ or 
both (la & HA), were treated with SDS and immunoprecipitated with 
anti-mGluRla (la) or anti-HA (HA) polyclonal antibodies. Precipitated 
products were reduced using 20 mM DTT and resolved on a 6% SDS- 
polyacrylamide gel. Separated products were transferred to a polyvi- 
nyUdene difluoride membrane, and the blots probed with anti-HA 
monoclonal (top blot) or anti*mGluRla polyclonal (bottom blot) antibod- 
ies followed by enhanced chemiluminescence. Molecular mass markers 
are shown on the left (201 and 120 kDa). Antibody to the mGluRla 
precipitated mGluRla, but not HA-mGluR5, and anti-HA immunopre- 
cipitated HA-mGluR5, but not mGluRla. Aliquots of each cell extract 
(no immunoprecipitation) are in the right three lanes on each gel. ippt 
AB, immunoprecipitation antibody. 

mGluR5 (data not shown). However, HA-mCrluRS was immu- 
noprecipitated from extracts of cotransfected cells by either 
anti-HA or anti-wt antibody (Fig. 2C). Moreover, wt-mGluR5 
was also immunoprecipitated from these extracts when either 
antibody was used (not shown). Thus, these data indicate that 
mGluR5 polypeptides form dimers. 

To determine the specificity of dimer formation, we per- 
formed an. analogous experiment in which wild type mGluRla 
was cotransfected with HA*mGluR5. If the assembly of mGluR 
dimers is specific, mGluRla and HA-mGluR5 should not form 
heterodimers. As shown in Fig. 3, antibody selective for 
mGluRla did not immunoprecipitate any HA-containing bands 
from cells transfected with mGluRla, mGluRla and HA- 
mGluRS, or HA-mGluR5 (Fig. 3, top gel, left three lanes), but it 
did immunoprecipitate mGluRl from cells transfected with 
mGluRla or mGluRla and HA-mGluR5 (Fig. 3, bottom gel, left 
two lanes). Similarly, the antibody selective for HA did not 
immunoprecipitate any mGluRla from cells transfected with 
mGluRla, mGluRla and HA-mGluR5, or HA-mGluR5, but it 
did immunoprecipitate HA-mGluR5 from cells transfected with 
HA-mGluPt5 or HA-mGluR5 and mGluRla. Thus, despite the 
60% amino acid identity between mGluRla and mGluR5, (22), 
they do not heterodimerize. These data indicate that there is 
great specificity in the assembly of the metabotropic receptor 
dimers. 

Metabotropic Glutamate Receptors Are Linked via Their N- 
terminal Extracellular Domains — To localize which part of 
mGluRS was involved in dimer formation, two types of exper- 
iments were performed. 

In the first set of experiments, a mutant receptor, truncated 
after the first transmembrane domain and tagged with the HA 
epitope at the C terminus, was constructed (tHA; Fig. 2A). 
When this mutant receptor was expressed in HEK cells and 
immunoprecipitated with anti-HA, it migrated during electro- 
phoresis as a dimer (160 kDa) under nonreducing conditions 
and as a monomer (doublet of 80-90 kDa) under reducing 
conditions (Fig. 4A). Therefore, the locus for disulfide-mediated 
dimerization is in the N-terminal half of the receptor, most of 
which is extracellular. 

When the tHA receptor was co-expressed with wt-mGluR5 
and then immunoprecipitated with antibody to HA, an addi- 
tional HA-containing band (220 kDa) was observed on the 
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Fig. 4. The disulfide bond responsible for dimerization is in the N-terminal region of mGluR5. A, Western blot analysis of ixnmuno- 
precipitates (ippt Ab) from SDS-solubilized membranes prepared from cells expressing wt, tHA, or both, using monoclonal anti-HA to visualize the 
immunoreactive bands. Antibody to the wt receptor did not immunoprecipitate any HA-positive bands from cells expressing only wt or tHA 
receptors but did precipitate the 220-kDa band present in co-transfected cells. Antibody to HA immunoprecipitated the 160-kDa band from 
tHA-expressing cells and both 220- and 160-kDa proteins from co-transfected cells. On reducing gels, all immunoprecipitated bands behaved as 
monomers. B, intact HEK cells expressing wt mGluRS were treated with trypsin (standard 0.05% trypsin and 0.53 mM EDTA in Hank's balanced 
salt solution from Life Technologies, Inc.) for the times indicated, and then membranes were prepared and electrophoresed imder reduced and 
nonreduced conditions. Trypsin treatment led to a -17-kDa decrease in the apparent molecular mass of the monomer (reduced, top), and a loss 
of dimerization (nonreduced, bottom). 



nonreduced gels, suggesting the formation of heterodimers be- 
tween truncated-HA and wt receptors (Fig. 4A). In agreement 
with this interpretation, antibody to the wt receptor immuno- 
precipitated the 220-kDa heterodimer, but not the 160-kDa 
tHA homodimer, from cotransfected cells. The wt antibody did 
not precipitate any HA-containing species from cells trans- 
fected with only the wt or tHA mutant. Taken together, these 
results indicate that the truncated receptor forms both ho- 
modimers and heterodimers. 

In the second experiment addressing location of the disulfide 
bond(s), intact HEK cells expressing the wt receptor were in- 
cubated with trypsin for various periods. We reasoned that 
proteolytic removal of all or part of the extracellular domain 
would generate a receptor fragment that does not dimerize, and 
from the size of this fragment we could infer the approximate 
location of the relevant cysteine(s). Since the wt antibody is 
directed toward the C terminus, all the proteolysis products 
observed will necessarily have intact C termini and loss of some 
length of the N terminus. Treatment with trypsin removed only 
a small fragment from the N terminus of the receptor, decreas- 
ing the apparent molecular mass by about 17 kDa (Fig. 4B, 
•hDTT). This very limited digestion suggests that access of the 
protease to potential cleavage sites was restricted by steric 
factors due to the secondary structure of the extracellular do- 
main. However, even very short periods of proteolysis removed 
the site of dimerization, since the proteolyzed receptor mi- 
grated at the monomer molecular mass under nonreducing 
conditions (Fig. 4B, -DTT). These results indicate that the 
cysteine(s) responsible for disulfide bond formation are in the 
N-terminal 17 kDa of mGluRS. 

DISCUSSION 

The experiments described here clearly show that mGluRS 
normally exists as a dimer on the plasma membrane. Dimer- 
ization is mediated via a cysteine or cysteines located within 17 
kDa from the N terminus in the extracellular domain. Since 
heterodimers between mGluRS and mGluRla do not form, but 
the truncated mGluRS containing only the extracellular region 
and one transmembrane domain does dimerize, the informa- 
tion providing the specificity of mGIuRS dimerization also re- 
sides in the N-terminal region of the molecule. Because 
mGluRla, 2—3 and 4 also migrate as dimeric species, we pro- 
pose that dimerization may be a general property of the mGluR 
family. 

Several authors who have examined mGluRs using Western 
blot analysis have noted the presence of high molecular mass 
aggregated forms of the receptors (23, 24), even in the presence 



of reducing agents. In the most extreme cases these aggregates 
are so large that the receptor polypeptides do not enter the gel. 
This aggregation may reflect strong interactions among the 
denatured, highly hydrophobic, multiple transmembrane do- 
mains in mGluRs. In our hands, aggregation is avoided by 
heating samples minimally before electrophoresis (60 3 
min) and by using only SDS or dodecyl maltoside as solubiliz- 
ing detergents. We believe the dimer we describe is the native 
form of the receptor and not an artifact because: 1) it is a 
discrete band with a characteristic and appropriate molecular 
mass and not a smear, as aggregates usually are; 2) it can be 
converted to the monomer by reducing agents, whereas mGluR 
aggregates cannot; 3) even under conditions that minimize 
aggregation, as described above, we never observed any mon- 
omer except when samples were reduced (or proteolyzed as in 
Fig. 3B), suggesting that all the receptor is initially present in 
the membrane as dimer; and 4) the truncated mutant (tHA), 
which contains only a single transmembrane domain and, 
hence, should exhibit little tendency to aggregate, also mi- 
grated as a dimer (Fig. 3A). 

To date, there is no evidence that other G protein-coupled • 
receptors exist as covalent dimers. The a 1 -adrenergic receptor " 
of the rat ventricle behaves as a 77-kDa species in the presence 
or absence of DTT (25). Similarly, the electrophoretic mobility 
of the neuromedin B receptor is unaffected by DTT (26). A 
cholecystokinin receptor and an opioid receptor apparently in- 
crease in molecular mass when treated with DTT (27, 28), 
suggesting that disulfide bonds are maintaining compact con- 
formations of these polypeptides. It is unlikely, therefore, that 
covalent, disulfide-dependent dimerization is a universal fea- 
ture of G protein-coupled receptors. This structural feature 
may be imique to the mGluRs and perhaps the related Ca^"*"- 
sensing receptors (6, 7). It is worth noting that the Ca^"^- 
sensing receptors do have the conserved cysteines characteris- 
tic of this subgroup. 

The N-terminal extracellular domain of the mGluRs is re- 
lated to the bacterial periplasmic binding proteins (PBPs) (12), 
as are extracellular domains of some iGluRs (12, 29). PBPs 
constitute a family of proteins involved in high affinity trans- 
port of amino adds, sugars, and other nutrients into bacteria. 
Three-dimensional crystal structures reported for several 
PBPs have indicated that these proteins are composed of two 
distinct globular domains with a ligand binding clefl between 
them (30, 31). Recently, O'Hara et al. (12) proposed a three- 
dimensional model of the structure of mGluRla based on PEP 
structural information. Their alignment permitted them to 
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make several successful predictions concerning the glutamate 
binding site of the receptor, lending credence to the structural 
comparison. Our results indicate that the cysteine responsible 
for dimerization of mGluRS is in the N-terminal 17 kDa. 
Within this region, there are four cysteines, all but one of which 
is conserved among the mGluRs. Based on the alignment of 
mGluRs and PBPs suggested by O'Hara et al (12), it is con- 
ceivable that two of these cysteines are involved in intramolec- 
ular disulfides, leaving the remaining cysteine(s) available for 
intermolecular interactions. 

Receptors with intracellular tyrosine kinase domains dimer- 
ize on ligand binding, and this is critical for signal transduction 
(32-34). Our evidence suggests that the cysteines responsible 
for mGluR dimerization are not those present in the cysteine- 
rich tyrosine kinase receptor-like domain (12). Dimerization of 
tyrosine kinase receptors brings the monomeric receptors into 
close proximity, allowing each member of the pair to phospho- 
rylate the other, thereby providing the binding sites necessary 
for initiating assembly of the signal-transducing apparatus on 
the intracellular face of the membrane. These active tyrosine 
kinase receptor dimers are linked noncovalently, whereas 
mGluR dimers are covalently boimd. 

Earlier studies of adrenergic receptors emphasized the role 
of two disulfide-linked, conserved cysteine residues in the first 
and second extracellular loops. For example, in the mammalian 
p2-adrenergic receptor maintenance of this extracellular disul- 
fide bridge is important for high affinity agonist binding and 
. function (35, 36). In contrast, DTT had no effect on binding of 
ligands to muscarinic receptors (37) or prostaglandin £2 recep- 
tors (38) but potentiated binding to and functioning of HI 
histamine receptors (39-42). Therefore, one cannot predict a 
priori what efTect reducing conditions will have on receptor 
functioning. We have preliminary results indicating that main- 
tenance of extracellular disulfides of mGluRS are critically 
important for maintenance of signal transduction through this 
receptor.^ Consistent with this result, Vignes et al. (43) showed 
that inositol phosphate production stimulated by glutamate in 
synaptoneurosomes was blocked by DTT, whereas that stimu- 
lated by carbachol was not. It is interesting that JV-methyl-D- 
aspartate receptors are influenced oppositely by redox state: 
extracellular reduction leads to potentiation of receptor func- 
tion, not inhibition (44-46). Perhaps ambient redox conditions 
lead to a complementary and coordinate regulation of iGluRs 
and mGluHs. 
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Metabotropic glutamate receptors consist of at least 
six different subtypes termed mGIuRl-mGluR6. They 
belong to the family of G protein-coupled receptors and 
commonly possess an unusually large extracellular do- 
main preceding the seven transmembrane segments. 
mGluRl and mGluR2 show similar af Unities for l- 
glutamate but distinct patterns in their responsiveness 
to quisqualate and frans-1 -amino- 1,3-cy clopentane- 
dicarboxylate (tACPD). To assign structural determi- 
nants for the different agonist selectivities, we con- 
structed a series of chimeric receptors at the extracel- 
lular domains of mGluRl and mGluR2 and determined 
their agonist selectivities by measuring their electro- 
physiological responses to L-glutamate, quisqualate, 
and tACPD in Xenopua oocytes. Replacement of the 
extracellular domain up to about one-half of the amino- 
terminal extracellular domain of mGIuRl with the 
corresponding portion of mGluR2 generated a pattern 
of the agonist selectivity characteristic of mGluR2. The 
acquirement of this property in agonist selectivity was 
further indicated by the selective responses of these 
chimeric receptors to an mGluR2-specific agonist, 
(25,l'i2,2'J?,3'i?).2-(2,3-dicarboxycyclopropyl)gIy- 
cine. This investigation demonstrates that the extra- 
cellular domain of mGluR is critical in determining 
agonist selectivity and that the mode of determination 
of agonist selectivity of mGluR is different from that 
of other G protein-coupled receptors for small molecule 
transmitters. 



Glutamate neurotran8mission plays an important role in 
neuronal plasticity and neurotoxicity in the central nervous 
system (Choi and Rothman, 1990; Bliss and CoUingridge, 
1993). The diverse functions of glutamate neurotransmission 
are mediated by a variety of glutamate receptors that can be 
classified into two distinct groups termed ionotropic and 
metabotropic receptors (mGiuRs)' on the basis of electro- 
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physiological, pharmacological, and molecular studies (Nak- 
anishi, 1992). Recent molecular studies have indicated that 
mGluRs consist of at least six different subtypes termed 
mGluRl-mGluR6 (Masu et ai, 1991; Houamed et al,, 1991; 
Tanabe et a/., 1992; Abe et ai, 1992; Nakajima et al,, 1993). 
The six mGluRs show a high degree of sequence homology 
within this receptor family but share no sequence similarity 
to conventional G protein-coupled receptors and possess a 
large extracellular domain preceiding the seven putative trans- 
membrane segments (Masu et aL, 1991; Nakanishi, 1992). 
Thus, mGluRs form a novel family of G protein-coupled 
receptors. The six mGluR subtypes can be subdivided into 
three subgroups according to their sequence homology, signal 
transduction, and agonist selectivities (Nakanishi, 1992). 
mGluRl and mGluR5 are coupled to inositol trisphosphates 
(IP3)/Ca^* signal transduction and show a strong agonist 
selectivity to quisqualate (Masu et o/,, 1991; Aramori and 
Nakanishi, 1992; Abe et ai, 1992). The other four mGluR 
subtypes are linked to the inhibitory cyclic AMP cascade, but 
the agonist selectivities of mGIuR2/mGluR3 and mGluR4/ 
mGluRS are totally different from each other. The former 
subtypes potently react with trans- l-amino-l,3-cyclopen- 
tanedicarboxylate (tACPD), whereas the latter subtypes ef- 
fectively interact with L-2-amino-4-phosphonobutyrate (Tan- 
abe et ai, 1992; Tanabe et oi., 1993; Nakajima et al,, 1993). 
Although the physiological roles of the mGluR family largely 
remain to be clarified, the individual mGluR subtypes seem 
to have their own functions in glutamate neurotransmission 
in a variety of neuronal cells (Nakanishi, 1992; Schoepp and 
Conn, 1993; Nakajima et al., 1993). 

G protein-coupled receptors interacting with small molecule _ 
ligands such as adrenaline and acetylcholine possess small 
extracellular amino-terminal domains and interact with the 
corresponding ligands in their transmembrane pockets 
(Frielle et ai, 1988; KobUka et oL, 1988; Kubo et al, 1988). In 
contrast, the binding of large glycohormones such as thyro- 
tropin and lutropin-choriogonadotropin occurs by interaction 
with the large extracellular domains of these glycohormone 
receptors (Xie et al., 1990; Nagayama et ai, 1991). mGluRs 
differ in their structural characteristics from either type of 
the G protein-coupled receptors. These receptors, though 
interacting with the small molecule glutamate, possess an 
unusually large extracellular amino-terminal domain consist- 
ing of 550-570 ammo acid residues. This structural feature 
raises an interesting question concerning the ligand-binding 
domains of the mGliiR family. To address this question, we 
designed the utilization of the difference in the agonist selec- 
tivity and signal transduction between mGluRl and mGluR2. 
We constructed a series of chimeric receptors between these 
two receptor subtypes and determined the agonist selectivities 
of the resultant chimeric receptors expressed in Xenopus 
oocytes. The results presented here indicate that the extra- 
cellular domain preceding the seven transmembrane segments 
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of mGluR serves as a determinant that confers the agonist 
selectivity of this receptor family. 

EXPERIMENTAL PROCEDURES 

Materials^In vitro mutagenesis kit was purchased from Bio-Rad. 
The cDNA for the bovine homologue of G„„ (also termed GuJ 
(Strathmann and Simon, 1990; Nakamura et at, 1991) and 
(2iS,r/?,2'i2,3'/?)-2-(2,3-dicarboxycyclopropyl)glycine (previously re- 
ferred to as DCG-1/4 and renamed DCG-IV) were kindly provided 
by Drs. T. Nukada (University of Tokyo) and Y.'Ohfiine (Suntoiy 
Institute), respectively. Other reagents were obtained as described 
(Masu et al, 1991; Hayashi et oL, 1992; Abe et aL, 1992). cDNAs for 
rat mGluRla and mGIuR2 were prepared as reported previously 
(Masu et aL, 1991; Tanabe et al, 1992). 

Construction of Chimeric Receptor cDNAs-^Sa restriction sites 
(Cfal, Ndel, Aflll MM, Bglll and EcoRV; see Fig. 1) at equivalent 
positions in the cDNAs covering the extracellular amino-terminal 
domains of rat mGluRl (Masu et oL, 1991) and mGluR2 (Tanabe et 
ait 1992) were used to construct chimeric receptor cDNAs; the Ndel 
site preexisted in the mGluR2 cDNA, while the others were intro- 
duced by site-directed mutagenesis (Kunkel, 1987; Kakizuka et aL, 
1990; Yokota et aL, 1992) using the in vitro mutagenesis kit. These 
sites were chosen because they are unique in both cDNA sequences 
covering their extracellular domains and the chimeric formations 
cause no insertion, deletion, or substitution in the amino acid se- 
quences of mGluRl and mGluR2. The authenticity of the various 
chimeric receptor cDNAs constructed was confirmed by sequence 
determination in combination with restriction enzyme analysis. 

Electrophysiological Measurements of Chimeric Receptors in Xeno* 
pus Oocyees— Preparations of oocytes and in vitro cRNA synthesis 
were carried out as described previously (Masu et aL, 1991). Electro- 
physiological measurements were performed by two microelectrode 
techniques under voltage clamp at —60 mV. To potentiate the elec- 
trophysiological response in Xenopus oocytes, the cRNA for the 
bovine homologue of G«ij (20 ng) (Strathmann and Simon, 1990; 
Nakamura et aL, 1991) was co-injected with each chimeric receptor 
cRNA (25 ng) (Nakamura et aL, 1992). The oocytes were incubated 
at 19'C for 2-6 days. For electrophysiological measurements, oocytes 
were perfused by a constant stream of a standard solution (95 mM 
NaCl. 2 mM KCl, 2 mM CaClz, 1 mM MgCla, 5 mM HEPES pH 7.5), 
and drugs tested were applied by switching the flow, except that bath 
application was used to make high concentrations of quisqualate (>1 
mM), tACPD (>1 mM), and 100 nM DCG-IV; these chemicals were 
adjusted to neutral pH before bath application. Dose-response curves 
for L-glutamate, quisqualate, and tACPD were determined by meas- 
uring peak currents after serial application of various concentrations 
of these compounds. 

Statistical A na/ysis— Theoretical curves for determination of EDso 
were drawn according to the equation I = /nax/(l + (ED50M)"), where 
/ represents the current response; laua, the maximum response 
(=100%) of the respective agonist; A, the concentration of agonist; n, 
the Hill coefficient. 

RESULTS 

Construction and Expression of Chimeric Receptors—Oxxt 
previous studies indicated that mGluRl expressed in Xenopus 
oocytes is capable of inducing electrophysiological responses 
to ligand application through the activation of the oocyte IP3/ 
Ca^* signal transduction (Masu et aL, 1991). In contrast, no 
such response was evoked for mGIuR2 in Xenopus oocytes, 
because this receptor subtype is linked to the inhibitory cyclic 
AMP cascade (Tanabe et oL, 1992). The two receptor subtypes 
also showed distinct properties in their agonist selectivities. 
mGluRl responds effectively to quisqualate but less so to 
tACPD, whereas mGluR2 reacts potently with tACPD but 
not appreciably with quisqualate (Masu et aL, 1991; Tanabe 
et oL, 1992; Aramori and Nakanishi, 1992). To investigate 
whether the extracellular amino-terminal domain of mOluR 
is involved in determining the agonist selectivity of mGluR, 
we first constructed a chimeric receptor in which the extra- 
cellular domain of mGluRl was almost entirely replaced with 
the corresponding region of mGluR2 (TQ6 in Fig. 1). Because 
this chimeric receptor retained the cytoplasmic region that is 
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Fig. 1. Schematic structures of chimeric receptors ex- 
changed between the extracellular domains of rat mGluRl 
and mGluR2. Hatched boxes represent the amino add sequences 
derived from mGluR2, and other portions are those derived from 
mGluRl; soUd boxes depict the seven putative transmembrane seg- 
ments (TMI-TMVII). The TQ series of the chimeric receptors were 
constructed by exchanging the mGluRl and mGluR2 sequences at 
the restriction sites corresponding to the following amino acid posi- 
tions of the mGluRl sequence: TQl (118-120), TQ2 (225-227), TQ3 
(356-366), TQ4 (429-431), TQ5 (621-522), and fQ6 (690-691). Chi- 
meras in the QT series were mirror images of those of the TQ series. 
Six restriction sites used for the chimeric formations are indicated 
under the structure of mGluRlor and these sites are used for the 
definition of the segment boundaries (sites C, N, A, M, B, and E) 
discussed in the text as indicated above the TQl chimeric receptor. 

responsible for coupling to IPa/Ca^'*' signal transduction, it 
was expected that the TQ6 receptor is capable of inducing an 
electrophysiological response to L-glutamate application when 
expressed in Xenopus oocytes. Our preliminary experiment 
indicated that TQ6 not only responded to L-glutamate but 
also, like mGluR2, showed a more preferred response to 
tACPD than to quisqualate. We thus constructed a series of 
chimeric receptors between mGluRl and mGluR2 by sequen- 
tially replacing cDNA restriction fragments at the corre- 
sponding restriction sites situated in the extracellular do- 
mains of these two mGluR subtypes. A total of 11 chimeric " 
receptors thus constructed consisted of two series of reciprocal 
receptors, termed TQ and QT series, as illustrated in Fig. 1. 
In the TQ series, the extracellular amino-terminal sequences 
of mGluRl were substituted for the homologous regions of 
znGluR2 in the direction from the amino terminus to the 
carboxyl terminus. Chimeras in the QT series were mirror 
images of those in the TQ series in that the extracellular 
sequences of mGluRl were replaced with the corresponding 
regions of mGluR2 in the reverse direction. The cRNAs for 
the native and chimeric receptors were synthesized in vitro 
and were injected into Xenopus oocytes to test for electro- 
physiological responses to L-glutamate or various agonists. 
We coinjected the cRNA for a bovine G protein, G„ii (Strath- 
mann and Simon, 1990; Nakamura et al., 1991), that was 
reported to potentiate electrophysiological responses (Naka- 
mura et aL, 1992) and thus yielded more reliable data. We 
also confirmed that oocytes injected with distilled water or 
with mGluR2 mRNA showed no oscillatory responses result- 
ing from the activation of oocyte IPa/Ca** signal transduction 
after application of L-glutamate or other agonists. 

Measuremerits of Electrophysiological Responses — mGluRl 
evoked a maximal electrophysiological response to application 
of 100 mM L-glutamate when expressed in Xenopus oocytes 
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(Masu et al., 1991). However, in some chimeric formations, 
no obvious or very little electrophysiological responses were 
induced by application of 100 fiM L -glutamate. To address 
whether various chimeric receptors were functionally ex- 
pressed in Xenopus oocytes, we first measured the electro- 
physiological responses of the individual chimeric receptors 
after the addition of high concentrations (10 mM each) of L- 
glutamate, tACPD, and quisqualate. The result of this analy- 
sis is presented in Fig. 2, and several characteristic features 
of a series of chimeric receptors are summarized as follows. 

All but TQl in the TQ series of chimeric receptors and only 
QT5 among the QT series of receptors showed appreciable 
electrophysiological currents in response to L-glutamate ap- 
plication. No other chimeric receptors (TQl and QT1-QT4) 
showed measurable responses to any of the three agonists. 
The failure of these receptors in responding to a high concen- 
tration of L-glutamate may be due to insufficient synthesis, 
inappropriate membrane incorporation, or some molecular 
incompatibility to maintain L-glutamate binding. These 
mechanisms, however, remain to be clarified. Among the 
positively responding chimeric receptors, TQ6 evoked a re- 
sponse that was comparable with that of mGluRl, whereas 
the five other chimeric receptors were reduced in their maxi- 
mal responses to application of L-glutamate by about one- 
third that of the native mGluRl. 

At a high concentration of quisqualate and tACPD, the 
native mOluRl responded efficiently to quisqualate and less 
so with tACPD as compared with L-glutamate. QT5, which 
retains a large extracellular portion of mGluRl, responded 
equally well to quisqualate but lost the ability to interact with 
tACPD. In contrast, the reactivity with tACPD and quisqual- 
ate was reversed in the TQ3-TQ6 chimeric receptors, and 
these receptors responded relatively well to tACPD but failed 
to interact with quisqualate. TQ2 differed from either type of 
the above chimeric receptors and showed the potency to - 
interact with all three agonists to a similar extent. These 
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Fig. 2. Electrophysiological responses of the native 
mOtuRl and various chimeric receptors after application of 
L-glutamate, tACPD, and quisqualate. Xenopus oocytes were 
injected with cRNA for the native mGluRla or the indicated chimeric 
receptor together with G„„ cRNA. and after 2-6 days of incubation, 
the electrophysiological responses to application of L-glutamate (l- 
G/u), tACPD, and quisqualate (QA) {a final concentration of 10 mM 
each) were measured as described under "Experimental Procedures.** 
Responses are expressed as percentages of the response elicited by 
application of 10 mM glutamate for the respective receptor; (-), no 
response. Average responses of mGluRl and TQ6 were about 550 nA, 
whereas those of other receptors were about 170 nA. Data represent 
the means ± S.E. of at least three experiments. The extracellular 
structures of different chimeric receptors are indicated above the 
respective data; open boxes and hatched boxes are derived from 
mGluRl and mGluR2, respectively. 



results strongly suggest that the extracellular domain preced- 
ing the seven transmembrane segments of mGluR is respon- 
sible for determining the agonist selectivity of this receptor. 

Dose-Response Analyses-^To confirm the above findings, 
we determined dose-response curves of the positively respond- 
ing chimeric receptors by applying various concentrations of 
L-glutamate, quisqualate, and tACPD. The results are pre- 
sented in Fig. 3 and Table I and can be summarized as follows. 

The native mOluRl showed a rank order of agonist potency 
with quisqualate > L-glutamate > tACPD as reported previ- 
ously (Masu et ai, 1991). Half-maximal effective doses (EDm) 
of the respective agonists were 7 x 10'', 1 X 10'*, 2.4 x 10"* 
M. All chimeric receptors examined were reduced in their EDs© 
values for L-glutamate by one order or more of magnitude 
when compared with the native mGluRl. However, in QTS 
where a large extracellular domain is composed of the mGluRl 
structure, the characteristics of mGluRl of interacting with 
quisqualate more efficiently than with L-glutamate was main- 
tained, though the reactivity with tACPD, unlike mOluRl, 
was totally lost in this chimeric formation. 

In a series of the TQ3-TQ6 chimeric receptors, quisqualate 
was found to be inactive in inducing electrophysiological 
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Pig. 3. Dose- response curves of the native mGluRl and 
various chimeric receptors for L*glutamate, quisqualate, and 
tACPD. Current responses to serial application of indicated concen- 
trations of L-glutamate (•), quisqualate (O). and tACPD (A) were 
recorded electrophysiologically 2-6 days after incubation of oocytes 
injected with the cRNA for mGIuRl or an indicated chimeric receptor 
together with G.u cRNA Responses are expressed as peicentages of 
that elicited with 10 mM of the respective agonist. Data represent the 
means of the responses obtained from at least three experiments. For 
other explanations, see Fig. 2. 

Table I 

EDeo values of the native mGluRl and various chimeric receptors for 
three agonists 

EDso values were obtained from the data shown in Fig. 3 as 
described under "Experimental Procedures'* and are given as the 
means ± S.E. of at least three experiments; (-), not measurable. EDso 
values of three agonists for TQ2 and those of tACPD for TQ3, TQ4, 
and TQ5 were calculated under the assumption that their responses 
reach maximal levels at 10 mM of these compounds. 



Receptor 



EDm 



L-Glutamate 



tACPD 



Quisqualate 



MM 

TQ2 520 ± 210 (n = 5) 1200 ± 190 (n = 3) 650 ± 240 (n = 4) 

TQ3 160 ±35 (n = 3) 1300 ± 700 {n = 4) (-) 

TQ4 160 ±39 (a = 5) 650 ± 210 (n = 4) (-) 

TQ5 110 ±12 (n-4) 870 ± 29 (n = 4) (-) 

TQ6 100 ±12 {n = 4) 110 ± 9.5 (n = 3) (-) 

QTS 180 ±.66 (rt = 4) . (-) 30 ±22 (n = 3) 

mGluRl 10 ± 1.8 in » 4) 240 ± 130 (n = 6) 0.70 ± 0.39 (n = 3) 
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response up to the concentration of 10 mM. In contrast, 
tACPD efficiently evoked responses in these chimeric recep- 
tors. Furthermore, in TQ6 in which the extracellular domain 
of mGluRl was almost entirely replaced with the correspond- 
ing domain of mGluR2, the agonist potencies of tACPD and 
L-glutamate were virtually identical with each other. This 
agonist selectivity of TQ6 was very similar to that reported 
for the native mGluR2 as assessed by measuring agonist- 
mediated inhibition of forskolin-stimulated cyclic AMP for- 
mation in mGluR2 -expressing Chinese hamster ovazy cells 
(Tanabeetol, 1992). 

TQ2 responded to all three agonists comparably but less 
efficiently. This receptor thus differed from any of the above 
chimeric receptors and seemed to represent an intermediate 
form between the QT5 type and the TQ3-TQ6 type of chi- 
meric receptors in terms of its agonist selectivity. 

The above results, taken altogether, strongly indicated that 
about one-half of the amino-terminal extracellular domain 
(up to site A) is critical in determining the agonist selectivity 
of mGluR. 

Responsiveness to Dicarboxycyclopropyl Glycine— In the 
above experiments, a distinct pattern in responsiveness to 
quisqualate and tACPD allowed the assignment of a structural 
determinant of the agonist selectivity at the extracellular 
amino-terminal domain of mGluR. However, the above result 
also showed that the native mGluRl is capable of reacting 
with tACPD comparably with or more effectively than the 
TQ3-TQ6 chimeric receptors (Table I). It thus remained 
possible, though very unlikely, that the TQ3-TQ6 chimeric 
receptors could maintain a fundamental property character- 
istic of mGluRl but could selectively lose a binding site 
specific for quisqualate. To exclude this possibility, we de- 
signed different experiments with the aid of a new glutamate 
analogue DCG-IV. DCG-IV was developed by Ohfune et at 
(1993), who modified the 3' carbon of 2-(carboxycyclopro- 
pyU glycine that was identified as a selective agonist for the 
mGluR family (Hayashi et aL, 1992). An agonist selectivity of 
DCG-IV was analyzed by examining its effect on signal trans- 
duction of different mGluR subtypes expressed in Chinese 
hamster ovary cells, and this analysis indicated that DCG-IV 
is a very specific agonist for mGluR2 with no reactivity with 
mGluRl.2 

We used this compound to distinguish whether the incor- 
poration of the mGluR2 sequence in the chimeric receptors 
generates the ligand-selective property characteristic of 
mGluR2 or alternatively still retains the property of mGluRl. 
The result of this analysis is presented in Fig. 4. Although 
this experiment was carried out at a single concentration of 
DCG-IV (100 ftU) because of its availability, it is clear from 
this analysis that the TQ3-TQ6 chimeric receptors acquire 
the reactivity with DCG-IV, whereas QT5, like the native 
mGluRl , shows no reactivity with this compound. This analy- 
sis thus explicitly demonstrated that about one-half of the 
amino-terminal extracellular domain is a critical determinant 
that confers an agonist selectivity of mGluR2. Interestingly, 
DCG-IV was not reactive with the TQ2 chimeric receptor, 
indicating that the amino-terminal sequence up to site N is 
not sufficient to exchange a different agonist selectivity be- 
tween mGluRl and mGluR2. 

DISCUSSION 

The mGluR family consisting of at least six different sub- 
types shows common structural architectures comprised of an 
unusually large extracellular domain preceding the seven 
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Fig. 4. Responses of the native mGluRl and various chi- 
meric receptors to DCG-IV application. Electrophysiological re- 
sponses in Xenopus oocytes applied with 100 DCG-IV are ex- 
pressed as percentages of those elicited by 100 nM L-giutamate; (-), 
no response. Data represent the means ± S.E. of at least three 
experiments. 

transmembrane segments. mGluRl and mGluR2 show similar 
affinities for L-glutamate but distinctive reactivities with quis- 
qualate and tACPD. In this investigation, we attempted to 
assign structural determinants responsible for the different 
agonist selectivities between mGluRl and mGluR2 by con- 
struction and expression of a series of chimeric receptors 
between these two receptor subtypes. Many chimeric recep- 
tors constructed responded to L-glutamate but lowered high- 
affinity responsiveness to L-glutamate by more than one order 
in magnitude. However, there was a distinct pattern in the 
reactivities with quisqualate and tACPD among the different 
series of chimeric receptors. Replacement of the amino-ter- 
minal portion up to site A of mGliiRl with the corresponding 
portion of mGluR2 in the TQ series of chimeric receptors 
(TQ3-TQ6) showed the reactivity with tACPD but not with 
quisqualate. In contrast, the QT5 receptor, in which the large 
amino-terminal portion was retained with the mGluRl se- 
quence, reacted with quisqualate more efficiently than L- 
glutamate but lost the ability to interact with tACPD. Thus, 
although the native mGluRl showed the ability to respond to 
tACPD, the effective responsiveness to tACPD in the TQ3- 
TQ6 receptors was interpreted to indicate that incorporation 
of at least about one-half of the amino-terminal portion of - 
mGluR2 generates the agonist selectivity characteristic of this 
receptor subtype. This interpretation was confirmed by the 
reactivity of these receptors and not the native mGluRl or 
QT5 with DCG-IV, which is a specific agonist for mGluR2. 
Thus, the present investigation demonstrated that about one- 
half of the amino-terminal portion is critical in determining 
the agonist selectivity of mGluR. 

It is curious that many of the QT series of chimeric recep- 
tors are nonfunctional despite the fact that most of the 
reciprocal TQ series of chimeric receptors are actively ex- 
pressed in Xenopus oocytes. Similar fionctional defects were 
observed for some of the chimeric formations in other G 
protein-coupled receptors (Kobilka et ai, 1988; Nagayama et 
al, 1991; Yokota et oL, 1992). This defect hampered the 
assignment of more limited domains important for agonist 
selectivity of mGluR. Because TQ2 and TQ3 differed only in 
the sequence between site N and site A but showed distinctive 
patterns in the responses to DCG-IV and other agonists, we 
constructed an additional chimeric receptor in which the 
sequence from site N to site A of mGluRl was substituted by 
the corresponding region of mGluR2. However, the resultant 
chimeric receptor failed to respond to any of the agonists 
(data not shown). In our separate experiments, we raised 
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antibodies against limited portions of the extracellular domain 
along the sequence of mGluRl. Among these antibodies, we 
found that an antibody raised against a restricted portion 
(amino acid residues 177-341 of mGhiRl) covering the se- 
quence from site C to site A is capable of inhibiting the 
glutamate-stimulated phosphatidylinositol hydrolysis of 
mGluRl expressed in Chinese hamster ovary cells. This find- 
ing thus strongly supported our conclusion that the amino- 
terminal portion of the extracellular domain of mGluR is 
critical in evoking the characteristic response of this receptor. 

The structural basis for ligand binding and selectivity of G 
protein-coupled receptors has been studied in different mem- 
bers of this receptor family. In the G protein-coupled receptors 
for small molecule ligands such as catecholamines and ace- 
tylcholine, several transmembrane domains are important for 
determining the agonist and antagonist selectivities by form- 
ing a ligand binding pocket (Frielle et al., 1988; Kobilka et al, 
1988; Kubo et al,, 1988). In the receptors for glycohormones 
such as lutropin-choriogonadotropin and thyrotropin, the 
large extracellular domains are responsible for binding these 
hormones and for conferring a high affinity (Xie et al., 1990; 
Nagayama et al, 1991), although the transmembrane seg- 
ments are also partly involved in the recognition of these 
hormones (Ji and Ji, 1991a, 1991b). In the receptors for small 
peptides, both transmembrane segments and extracellular 
domains serve as determinants for the high-affinity interac- 
tion with these ligands (Yokota et al,, 1992; Perez et al, 1993). 
Thus, mGluR seems to differ from any of the above modes of 
agonist selectivity determination of the G protein-coupled 
receptors. 

The simple explanation for the involvement of the extra- 
cellular domain in the agonist selectivity is that the extracel- 
lular domain of mGluR represents a glutamate binding site 
that recognizes different agonists and thus confers agonist 
selectivity. In this case, the binding of an agonist to the 
extracellular domain could induce a conformational change 
that is transmitted across membrane-spanning domains and 
then activates a G protein at the cytoplasmic side. Alterna- 
tively, the membrane- spanning domains of mGluR may be 
more directly involved in signal transmission of ligand bind- 
ing. In the case of the thrombin receptors, it has been reported 
that thrombin cleaves an amino-terminal extension of this 
receptor and creates a new amino termbus that is tethered 
to the binding pocket of the receptor and thus activates this 
receptor (Vu etoL, 1991). Analogous to the thrombin receptor, 
glutamate binding to the extracellular domain may generate 
a new conformation that allows the amino-terminal portion 
to interact with a binding pocket situated within the mem- 
brane-spanning domains. In this investigation, however, it 
remained to be determined whether the amino-terminal ex- 
tracellular domain indeed serves as a glutamate-binding site. 
Therefore, a different possibility is that a primary glutamate- 
binding site is situated within the transmembrane segments, 



but this interaction is strengthened by a cooperative action 
of the amino-terminal extracellular domain. To address the 
question of whether the transmembrane segments of roGluRl 
are capable of binding L-glutamate, we made a new receptor 
that deleted a large amino-terminal portion (residues 62-690) 
of mGluRl and examined the ability of this deleted receptor 
to respond to agonists in Xenopus oocytes. However, we failed 
to detect any responses, and all three possibilities described 
above remain to be determined. 

In conclusion, mCjluR is unique in its mechanism respon- 
sible for determining agonist selectivity, reflecting a peculiar 
amino-terminal structure of this receptor family. This unique- 
ness raises an interesting question regarding whether mGluR 
is a representative that uses common and combined ligand- 
binding mechanisms observed for other G protein-coupled 
receptors or is an evolutionary specialization in the family of 
the G protein-coupled receptors. 

Acknowledgments— We thank Drs. Y. Obftine and T. Nukada for 
kind gifts of DCG-IV and bovine G^,, cDNA, respectively. 

REFERENCES 

Abe, T., Sugihara, H., Nawa, H., Shigemoto, R., Mizuno. N.. and Nakanishi, S. 

(1992) J.BioAC/wm. 267, 13361-13368 «««iiMu.a. 
Aramori, I., and Nakanishi, S. (1992) Neuron 8, 757-765 
Bliss, T. V. P., and CoUingridge. G. L. (1993) Nature 361, 31-39 
Choi, D. W., and Rothman, S. M. (1990) Annu. Rev. Neurosci 13, 171-182 
FrieUe, T., Daniel, K. W., Caron, M. G., and Leflcowitz, R. J. (1988) Proc NatL 

Acad. ScL V. S. A. 86. 9494-9498 
Hayashi, Y.. Tanabc, Y,, Aramori, I., Masu, M., Shimamoto, K., Ohimie. Y 

and Nakanishi, S. (1992) Br. PhcriTiacoi. 107. 539-543 
Houamed, K. M., Kuiiper, J. L.. Gilbert, T, L.. Haldeman, B. A., O'Hara, P. J, 
MulvihUl, E. R., Aimers. W., and Hagen, F. S. (1991) Science 252, 2318^ 



1321 



Ji. I., and Ji, T H. (1991a) J. Bid. Chem. 266. 13076-13079 
Ji, 1.. and Ji, T. H. (1991b) J. BioL Chem. 266. 14953-14957 
Kakiruka, A„ Ingi, T., Murtti, T.. and Nakanishi. S. (1990) J. BioL Chem. 266. 
10102-10108 

Kobilka, B. K.. Kobilka, T. S., Daniel, K., Regan, J. W.. Caron. M. G.. and 
Leikowitz, R. J. (1988) Science 240. 1310-1316 

^TEBS'L^t^Il' liSidM^" M ' Numa, S. (1988) 

Kunkel T. a!, Roberts, J. D., and Zakour, R A. (1987) Methods EnxymoL 164, 

367—382 

Maau, M., Tanabe, Y., Tsuchida, K, Shigemoto, R, and Nakanishi. S. (1991) 

Nature 349, 760-765 
Naeayama. Y., Wadsworth, H. U, Chazenbalk, G. D., Russo, D., Seto, P.. and 

Rapopott, B. (1991) Proc. NatL Acad. ScL V. S. A 88, 902-905 
Nakihiroa Y., Iwakabe, H.. Akazawa. C, Nawa, H.. Shigemoto, R. Miruno. N 

and Nakanishi, S. (1993) J. BioL Chem. 268. 11868-11873 
Nakamura. F., Ogata, K.. Shiozaki, K., Kameyama, K., Ohara. K.. Haga. T.. 

and Nukada. T. (1991) J. BioL Chem. 266, 1267&12681 • .-e-* * •» 

NiAamura, K., Nukada T. Hirose. E., Haga. T.. and Sugiyama. H. (1992) 

Neurosci. Res. SuppL 17, S85 
Nakanishi, S. (1992) Science 258, 597-€03 

Ohftine, Y., Shimamoto, K., Ishida, M., and Shinoiaki. H. (1993) Bioore. & 

Med. Chem. Lett. 3, 15-18 
Perez, H. D., Hohnes, R., Vilander, L. R, Adams, R R., Manzana, W.. Jolley, • 

p., and Andrews, W. H. (1993) J. Biol Chem. 268, 2292-2295 
Schoepp, D. D., and Conn, P. J. (1993) Trends PharmacoL Sci. 14. 13-20 
Strathmann, M., and Simon. M. I. (1990) Proc. NatL Acad. Sci 0. S. A. 87, 

9113—9117 

Timabe, Y., Masu, M., Ishi, T„ Shigemoto, R, and Nakanishi. S. (1992) Neuron 
Of 169^179 

Tanabe, Y., Nomura, A., Masu, M., Shigemoto, R. Mizuno, N.. and Nakaniahi 
S. (1993) J. Neurosci 13. 1372-1378 

^"/JA'^Jxii" ^' Wheaton. V. 1.. and Coughlin. S. R (1991) CeU 64. 
1057-1068 

Xiej Y.-B.. Wang. H.. and Segaloff. D. L. (1990) J. BioL Chem, 266. 21411- 
Yo^. Y.^ Akazawa, C, Ohkubo, H.. and Nakanishi. S. (1992) EMBOJ, 11, 



PASE BUNK ftisPTO) 



EXHIBIT K 



Research Update 



TRENDS in Pharmacological Sciences Vol.22 No.7 July 2001 



331 



I Research News 



Novel allosteric antagonists shed light oit mglUg 
receptors and CNS disorders 

Will PJ.M. Spooren, Fabrizio Gasparini, Thomas E. Salt and Rainer Kuhn 



Although multiple metabotropic glutamate 
(mglu) receptor subtypes were cloned in 
the early 1990s, progress in the 
characterization of these receptors has 
been slow because of difficulties in 
obtaining subtype-selective ligands. 
However in the past few years exciting 
progress has been made on the mglu^ 
receptor subtype following the 
identification of selective non-ami no-acid- 
like ligands that implicate the mglUg 
receptor as a potentially important 
therapeutic target, particulariy for the 
treatment of pain and anxiety. 

Tb date, eight subtypes of metabotropic 
glutamate (mglu) receptors have been 
cloned and classified into three groups on 
the basis of sequence similarities, and 
pharmacological and biochemical 
properties: Group I mglu receptors (mglu^ 
and mglug), Group II m^u receptors (mglu^ 
and mglug) and Group III mglu receptors 
(mglu^, mglUg, mglu^ and mgiUg)^ 

Although Group I mglu receptors are 
highly related, both mglUj and mglUg 
receptors have a distinct expression 
pattern in the brain, which clearly 
suggests differential roles in nervous 

Table 1. Distribution of mglu^ and mglu^ 
receptors in the rat brain"-^ 



Rat brain region 


mglu, 


mglug 


Cortex 


+ 


++(+) 


Caudate-putamen 


+ 


•+-H- 


Nucleus accumbens 


+ 


+++ 


Olfactory tubercle 


+ 


+++ 


Globus pailidus 


++ 


++ 


Substantia nigra 


+ 


+ 


Subthalamic nucleus 


++ 


+ 


Hippocampus 






CA1 


+ 


+-H- 


CAS 


+ 


+++ 


dentate gyrus 


++ 


+++ 


Cerebellum 


+++ 




(Purklnje cell layer) 






Spinal cord 






lamina l-lll 


+ 


-H-+ 


lamina IV-V 


+ 


+ 


•Abbreviation: mglu, metabotropic glutamate. 




"Symbols: no detectable expression; +, low 




expression; ++. moderate exf^-ession; +++, high 


expression. Adapted and modified from Refs 2 and 3. 





OT Acb 



Fig. 1. Metabotropic glutamate Group I (mglu, and 
mglug) receptor-like Immunoreactivity in rat brain 
parasagittal sections. Abbreviations: Acb, nucleus 
accumbens; Hi, hippocampus: IC. inferior collicutus; 
LS, lateral septal nucleus; OX olfactory tubercle; 
SC, superior colliculus; SpV, spinal trigeminal nuclei; 
Th. thalamus. Reproduced, with permission, from Ref. 3. 



system function (Table 1)^^. mglUg 
receptors are found most abundantly 
throughout the cerebral cortex, 
hippocampus, basal ganglia and some 
parts of the spinal cord (Fig. 1). Recently, 
subtype-selective Hgands for the mglu^ 
receptor were discovered and their effects 
in animal models of various nervous * 
system disorders characterized. 

Non-amino-acid-like mglUg receptor 
antagonists 

A large number of mglu receptor hgands 
have been described and can be classified 
into two groups according to their mode of . 
inhibition^. The vast majority of 
compounds are amino acid derivatives that 
interact competitively at the glutamate- 
binding site located in the large 
extracellidar N-terminal domain. 
Particularly for Group I receptors, selective 
competitive antagonists are very scarce, 
have low potency and do not show subtype 
selectivity. The most potent compound is 
currently LY393675 (Fig. 2). a nonselective 
antagonist with IC^^ values of 0.48 and 
0.35 \m at mglu^ and mglUj receptors, 
respectively*. More recently, LY344545 
(Fig. 2) has been described as a selective 
competitive antagonist at the mglUg 



receptor with a selectivity factor of seven 
for mglug over mgiu^ receptors. However, 
LY344545 has low potency (IC^q =5.5 ^m) 
and also antagonizes Group II receptors in 
a similar potency range^. Despite these 
significant advances, potent and subtype- 
selective competitive ligands have not been 
identified. Moreover, amino-acid-derived 
Hgands generally show poor blood-4Drain 
barrier penetration, thus hmiting their use. 

Recently, novel mglu receptor 
antagonists were identified using 
functional assays by screening compound 
Hbraries for non-amino-acid-like 
substances. The first subtype-selective 
mglug receptor antagonists reported were 
SIB1757 and SIB1893 (Fig. 2) with IC^ 
values of 3.7 and 3.5 ^m, respectively, in 
the inositol phosphate (IP) accumulation 
assay®. Shortly after, 2-methyl-6- 
(phenylethynyl)-pyridine (MPEP) was 
described^, a 100-fold more potent 
antagonist derived from chemical 
variation of SIB 1893. At human mglug^ 
receptors, expressed in recombinant cells, 
and rat mglug receptors in neonatal 
cortical slices, MPEP inhibited 
quisqualate-stimulated IP production 
with IC5Q values of 36 nM and 17.9 nM, 
respectively, but had no significant 
agonist or antagonist activities at cells 
expressing other metabotropic or 
ionotropic glutamate receptor subtypes at 
concentrations up to 10 (Ref. 7). 
However, at high concentrations (i.e. 20 \m 
and 200 pM, respectively) 1000-10000-fold 
above its IC^, MPEP inhibited NMDA 
receptor activity by 22.6% and 64.9% in 
electrophysiological recordings of rat 
cultured primary cortical neurones^. 
Details of the mechanism and site of 
action of these new antagonists are 
provided in Box 1 . Furthermore, 
extracellular recordings in the 
hippocampus showed that responses to 
iontophoretic application of the selective 
Group I mglu receptor agonist (i?,S)-2,5- 
dihydroxyphenylglycine (DHPG) but not 
AMPA were inhibited by MPEP (either 
iontophoretically or intravenously)'; 
similarly, iontophoretic apphcation of 
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MPEP reduced neuronal responses in the 
thalamus to the selective mglu^ receptor 
agonist (i2,S)-2-chloro-5- 
hydroxyphenylglycine (CHPG) compared 
with those responses to NMDA (Ref. 11), 
indicating that MPEP is also a selective 
mglu. receptor antagonist in vivo (Box 2). 

Physiology of mglu^ receptors 

Activation of Group I receptors can elicit a 
variety of postsynaptic effects on central 
neurones such as depolarization via a 
reduction of R* conductance or an increase 
in inward cation current* . This typically 
causes increases in neural firing and 
potentiation of synaptic inputs. Presynaptic 
effects of Group I receptor activation have 
also been demonstrated^ The development 
of selective mglUj and mglug receptor 
antagonists now enables the investigation 
of some of these actions mediated by mglu^ 
and/or mglu^ receptors specifically. 
Interestingly, in the subthalamic nucleus 
in vitro, the depolarizing effect via reduction 
of conductance of Group I receptor 
activation is attributable solely to mglug 
receptors, even though both mgiUj and 
mglUg receptors are present^o The converse 
appears to be the case in the thalamus 
in vitro, where similar effects appear to be 
mediated specifically via m^Uj receptors 
even though mglUg receptors are known to 
be present^. This indicates very specific 
membrane effects that are dependent on the 



brain region, which might be veiy 
important both functionally and 
pharmacologically. It is noteworthy that 
such mglu receptor activation by exogenous 
agonists in vitro is not necessarily 
accompanied by obvious excitatory synaptic 
events*^ possibly reflecting that conditions 
in sHces are not optimal to reveal 
physiological release of glutamate onto such 
receptors®'*^. In this respect, it is interesting 
that in the thalamus in vivo, activation of 
either mglu ^ or mglUg receptors can have an 
excitatory effect, and that both receptors 
appear to possess synaptic roles^^ 

Specific modulation of NMDA responses 
by m^Ug receptor activation occurs in 
several brain areas^^-^^. Ibgether with the 
probable specific colocalization of receptors 
in sjmaptic and peri-s3Tiaptic areas, this 
offers a highly selective method of mglu^ 
receptor potentiation of NMDA-receptor- 
mediated synaptic activity. However, in vivo 
(where neuronal membranes are not 
voltage clamped) there oould also be a 
modulation of synaptic responses as a result 
of the effects of mglUg receptor activation on 
membrane resistance and potential, and 
this will be less selective"'*"^*^. Thus, there 
might be at least two ways in which mglUg 
and/or mglu j receptors could potentiate 
synaptic responses, and it might be that 
these have a different functional relevance, 
perhaps in terms of time-course or in 
synaptic plasticity^fi. Interestingly, mglu^- 





LY393675 



LY344545 



(b) 




SIB1893 




MPEP 



Fig. 2. Structures of Group I metabotropic glutamate (mglu) receptor antagonists, (a) LY393675 is a nonselective 
mglu, and mglUj receptor antagonist whereas LY344545 is a selective mglu^ receptor antagonist (b) SIB1893 and 
MPEP [2-methyl-6-(phenylethyfiyO-pyridine) are recently developed noncompetitive and selective mglu. receptor 
antagonists. 



receptor-mediated potentiation of 
ionotropic responses might involve protein 
kinase C, whereas the apparenUy similar 
effect of mglUg receptors might not^^ 'j^g 
newly available antagonists should play a 
significant role as tools in further in-depth 
investigations. 

Box 1. Allosteric mglu receptor antagonists 

Metabotropic glutamate (mglu) receptors 
are members of the family III of 
G-protein-coupled receptors (GPCRs), 
which is characterized by a large 
N-terminal extracellular region and 
includes the Ca'^-sensing receptor, 
GABAg receptors and some vomeronasal 
receptors. Homology modelling to 
bacterial periplasmic binding proteins", 
chimeric receptor analysis'*-^ and X-ray 
crystallography of a soluble extracellular 
region of the mglu, receptor in complex 
with glutamate^ have shown that the 
. extracellular region is responsible for 
ligand binding. The mglureceptor family 
therefore differs from the classical 
rhodopsin-type GPCRs, where the ligand- 
binding site occurs within the seven 
transmembrane (7TM) domain. 

The discovery of novel mglu receptor 
antagonists®-9 that are structurally 
unrelated to amino acids triggered the 
hypothesis that such compounds might 
act at novel receptor sites through 
allosteric mechanisms. Indeed, a detailed 
study by Pagano et al** showed that 
2-methyl-6-(phenylethynyl)-pyridine 
(MPEP) is a noncompetitive antagonist 
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Fig. I. Noncompetitive inhibition of glutamate 
(L-Glu)-stimulated Inositol pinosphate (IP) 
production with increasing concentrations of 
2-methyl-6-(phenylethynyl).pyridine (MPEP) in 
human metabotropic glutamate type 5a 
(mglUs^-receptor-expressing ceils. Data are 
expressed as percentage of IP production over l>asal 
level and are mean ± scm of three experiments 
performed in triplicates. Reproduced, with 
permission, from Ref. h. 
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In vivo effects of mglu^ receptor 
antagonists 

. The available selective and 
brain-penetrable mglUg receptor 
antagonists (see above) have been 
applied in various nervous system 
disease models. 



Pain and analgesia 
Pharmacological and in vivo 
electrophysiological studies suggest a role 
for Group I mglu receptors in nociceptive 
processes^' and the possible role(s) of 
mglug receptors are hi^ilighted in Box 2 
(see also Table 2). 



Anxiety and depression 
Given the expression of mglu^ receptors in 
Hmbic forebrain regions, a role in 
psychiatric conditions such as anxiety 
and depression was hypothesized and 
tested in validated animal models. In the 
so-called conditioned response tests 



N-terminal 
extracellular 
iigand-binding 
domain 



Cysteine-rlch domain 



7TM domain 



Intracellular 
C-terminal domain 




Competitive 
agonists or antagonists 



Noncompetitive 
antagonists 



Hg. II. A monomeric form of the metabotropic 
glutamate type 5 (mglu^ receptor, depicting the 
binding site of noncompetitive antagonists in the . 
seven-transmembrane (7TM) domain and of 
competitive agonists or antagonists in the large 
N-terminal extracellular domain. 

(Fig. I) that inhibits mglUg receptor 
function without affecting binding of 
glutamate to the extracellular region. 
MPEP also inhibited to a large extent 
constitutive receptor activity in cells 
overexpressing mglUg receptors, which 
suggests that MPEP acts as an inverse 
agonist. 

Consistent with these functional 
data, high-affinity binding of PH]M- 
MPEP (a tritiated analogue of MPEP) to 
chimeric receptors and point mutants 
. of mglUg receptors specifically 
required the amino acid residues 
Pro655 and Ser658 in TMIII and AlaSlO 
in TMVII. Recently described non- 
amino-acid-like antagonists that are 
structurally unrelated to MPEP and are 
selective for mglu, receptors'^ or 
mglu, and mglUg receptors'* share this 
mechanism and site of action in the 
7TM domain. 



Tf^NDS ti niarmaoologiG^ Sdencn 



Several important implications can 
be derived from these findings. 
(1) Novel regulatorsof family III 
GPCRs can act as competitive ligands 
at the extracellular agonist-binding 
site or as ailosteric ligands in the 7TM 
domain (Fig. II). (2) The amino acid 
sequence of the ailosteric binding site 
in the 7TM domain seems to be less 
conserved and to tolerate large 
structural variations, which will 
greatly facilitate the discovery of 
subtype-selective antagonists for 
other family III GPCRs. (3) It is not 
known how noncompetitive 
antagonists inhibit receptor activity 
but it can be assumed that activation 
of family III GPCRs requires a series of 
conformational changes in the 
extracellular ligand binding domain 
that are transmitted to the 7TM 
domain. Binding of noncompetitive 
antagonists In the 7TM domain can 
specifically affect conformational 
changes of the 7TM domain and 
thus have no direct effect on 
the occupation of the agonist . 
binding site. 
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Box 2. Role of mglu^ receptors in pain and analgesia 



(a) 



(b) 




Macrophages 
Leukocytes 
Schwann cells 




'•V- X. m 



Supraspinal 
projection 




Spinal cord 



Fig. I. (a) Immunohistochemlcal staining of a rat 
skin section with a rabbit polyclonal antibody 
recognizing the metabotropic gtutannate type 5 
(mglUj) receptor. Green ftuorescerce represents 
neuronal tubulin, and red fluorescerKe represents 
mglUj receptor staining, respectively. Reproduced, 
with permission, from Ref. h. (b) Possible activation 
of mglu, receptors on C>fibres by glutamate 
released from afferents or other cells in the skin 
following, for example, injury or inflammation, 
(c) Activation of dorsal horn GABA-containing and 
non-GABA-containing (possibly excitatory) 
neurones by C and A5 afferents terminating in 
laminae II and III (Ref. c). mglu^ receptors are 
represented by blue elements. Note that other 
glutamate receptors have been omitted for clarity. 

Metabotropic glutamate type 5 (mglUg) 
receptor protein and/or mRNA have been 
localized at several levels of the 
somatosensory neuraxis from the 
peripheral endings of nociceptive C-fibre 
afferents'' (Fig. la), dorsal root ganglia^ and 
superficial dorsal horn neurones^ to the 
thalamus and cerebral cortex' s. This 
suggests an intimate involvement of mglu^ 
receptors in nociceptive processes. Recent 
studies using 2-methyl-6-(phenylethynyl)- 
pyridine (MPEP) and SIB1757 show that 
blockade of peripheral mglu^ receptors can 
reverse inflammation-induced mechanical 



hyperalgesia^^ and neuropathy-induced 
thermal hyperalgesia'. By contrast 
neuropathy-induced tactile allodynia and 
mechanical hyperalgesia appear 
unaffected^'Mhis indicates that peripheral 
mglUg receptors are activated in certa in 
hyperalgesic states, presumably by 
glutamate released from either primary 
afferents or other non-neural cells^' (Fig. lb). 
Given the peripheral location of mglUj 
receptors, it might be experted that these 
would also be found on central terminations 
of C-fibres, but this does not appear to be 
the case^ The role of spinal mglUj receptors 
is less clear, and a complicating factor might 
be the localization of this receptor on a 
variety of pre- and postsynaptic elements of 
either GABA- or non-GABA-containing 
neurones in the superficial dorsal horn'''^ 
(Fig. Ic). Spinal application of mglUg receptor 
antagonists might therefore produce 
variable effects that might depend partly on 
the relative distribution of drugs and 
physiological factors such as which neural 
circuits are in play in a given behavioural 
state. Thus, there is data that suggest little 
involvement of spinal cord mglu receptors 
in either acute or chronic noc^ception^ but 
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also evidence that spinal mglu^ receptors 
might have a role in thermal hyperalgesia' 
or acute nociception*". In the rat, there is less 
clear functional neuronal segregation 
between thermal and rnechanlcal 
nociception supraspinally in the thalamus, 
but mglUj receptors are present in the 
thalamus^, and direct application into the 
thalamus of MPEP selectively reduces acute 
thermal nociceptive responses of 
ventrobasal thalamic neurones" (Fig. II). 
These receptors might be an important 
target of systemic drugs because 
intravenous MPEP reduces such responses, 
but it Is likely that mglUj receptors in other 
brain areas (e.g. the cerebral cortex and 
spinal cord) also contribute to these effects 
In the intact animal**. Taken together, it is 
apparent that mglu^ receptors provide a 
novel target for intervention In pain 
processes, and it is likely that mglu^ 
receptor antagonism might be particularly 
valuable in specific pain types 
(e.g. inflammatory pa in)^^. However, It 
should be remembered that other 
glutamate receptors, particularly mglu, 
receptors, have also been implicated In 
peripheral and central pain processes"-M. 



prominent anxiolytic-like activity of 
MPEP was seen in both the Vogel test and 
the four-plate testi8.i9 j^cquisition as well 
as expression of fear was shown to be 
inhibited by MPEP in the fear- 
potentiated startle test^o. Interestingly, 
acquisition but not expression of 
conditioned fear was also prevented by 
direct injection of MPEP into the lateral 
amygdala, directly linking mglu. 
receptors in the amygdala to fear 
conditioning^!. In the Geller-Seifter test 



the effects of MPEP were inconclusive 
because treatment with MPEP, up to a 
dose of 100 mg kg-\ tended to increase the 
number of punished responses as well as 
the number of received shocks, but 
neither effect reached statistical 
significance^^. 

In the so-called unconditioned response 
tests MPEP exhibited anxiolytic-like 
activity in models of social anxiety (social 
exploration test), novelty-induced anxiety 
(marble burying test), anxiety in an 



approach-avoidance conflict (elevated plus 
maze) and finally in a model of 
anticipatory anxiety (stress-induced 
hyperthermia)^^. Together, these and 
other findings, including testing of closely 
related derivatives of MPEP (W.P.JM. 
Spooren, unpublished) , indicate that 
mglUg receptor antagonists have a very 
broad and potent anxiolytic-like activity in 
rodent models of anxiety (Table 2), with 
low potential to induce sedation or 
psychotomimetic effects^^, although the 
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Fig. II. Reduction by lontophoretically applied 
2-methyl-6-(phenylethiynyl)-pyridine (MPEP) of 
responses of single thalamic neurones to 
iontophoretic application of the agonists 
{/?,S)-2-chloro-5-hydroxyphenylglycine (CHPG) and 
NMDA, and to noxious thermal stimulation (Ref. n). 
Values are mean ± sem (n » 6) percentages of the control 
responses recorded before MPEP application. Note that 
MPEP reduced CHPG and noxious responses but not 
NMDA responses. 
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scope of potential CNS effects needs to be 
explored much further. Finally, although 
MPEP was inactive in the swim test 
(Table 2), MPEP shortened the immobihty 
time in the tail suspension test^^. These 
data suggest that MPEP might also have 
antidepressant-hke activity, which 
remains to be further investigated. 



However, intracerebroventricular 
application of CHPG in mice was shown to 
induce clonic seizures that were 
suppressed by MPEP or SIB1893 (Ref. 23). 
Both compounds also suppressed sound- 
induced seizures in DBA-2 mice and clonic 
seizures in the lethargic mouse^^. 
Together, these data indicate that mglug 



• Epilepsy 
The role of distinct mglu receptor subtypes 
in epilepsy is at present not clear. 



receptor antagonists exhibit 
anticonvulsant activity, which clearly 
needs further characterization in 
additional studies. 



Neuroprotection 

It has been shown that noncompetitive 
mgiug receptor antagonists exhibit 
neuroprotection against excitotoxic- 
induced degeneration in vitro and in vivo, 
as well as against p- amyloid-induced 
toxicity in uiiro^24,25 However, the role of 
mglUg receptors in neuroprotection is 
controversial in view of the varying 
concentrations of MPEP apphed in 
different models. Given the relatively good 
selectivity of MPEP (Ref. 7) effects 
observed at concentrations close to the 
ICgQ at mglUg receptors (e.g. partial 
inhibition of P-amyloid-induced toxicity 
and excitotoxicity induced by a short pulse 
of NMDA)" are indeed likely to reflect 
specific action at mglUg receptors whereas 
neuroprotection achieved at very high 
concentrations of MPEP (20 and 
200 ^M, 1000-10 000-fold above its ICg^, 
respectively) might instead reflect a 
combined action of MPEP at mglUg and 
additional receptors, such as NMDA 
receptors®'26. 

Parkinson's disease 

The expression of mglUg receptors in the 
striatum and subthalamic nucleus 
suggests that antagonists might reduce 
the overactive glutamate- mediated 
pathways in the basal ganglia in 
Parkinson's disease. mglUg receptors 
have been implicated as major players in 
the excitatory drive to the subthalamic 
nucleus from glutamatergic afferents 
Indeed, in the unilateral 6-hydroxy- 
dopamine (6-OHDA) rat rotation model 
of Parkinson's disease, (acute) MPEP " 
increased the number of net rotations 
(Table 2). However, the effect was 
marginal and consisted of an ipsilateral 
bias in spontaneous turning rather than 
a clear turning response^^. In additional 
studies it was shown that MPEP 
inhibited dopamine-mediated rotations. 
The underlying mechanism of these 
findings is at present unclear. However, . 
the interaction of MPEP with dopamine 
clearly awaits further elucidation in 
additional studies using distinct models 
of Parkinson's disease as well as 
applying a much wider dose range of 
MPEP 

Interestingly, in a conditioned 
reaction-time task in the rat, chronic but 
not acute treatment with MPEP 
significantly and gradually reduced the 
motor deficits induced by bilateral 
lesions of the nigrostriatal pathway 
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Table 2. Effects of the mglUg receptor anatagonist MPEP in animal models of distinct 
nervous system disorders^^ 



, Indication and 


Species 


Tested dose 


Effective dose 


Route of 


Refs 


model 




range (mg kg-^)' 


range (mg kg-^) 


administration 


Pain 












Tail flldc 


Rat 


10-100 




p.o. 


27 


FCA-induced 


Rat 


10-100 


30-100 


p.o. 


27,28 


mechanical hyperalgesia 




0.03-0.3 nmole 


0.03-0.3 ^mole 


i.pl. 




Carageenin-induced 


Rat 


3-100 


30-100 


P.O. 


27 


mechanical hyperalgesia 










Neuropathic hyperalgesia 


Rat 


10-100 




P.O. 


27.28 


Anxiety 












EPM 


Rat 


0.1-30 


0.1 -10 and 10-30 p.o. 


18.19,22 


Social exploration 


Rat 


0.003-10 


0.3-1 


P.O. 


22 


SIH 


Mouse 


1.5-30 


15-30 


P.O. 


22 


Marble burying 


Mouse 


1.5-30 


75-30 


p.o. 


22 


Vogel conflict 


Rat 


0.3-10 


1-10 


i.p. 


18,19 


oei ler-oei Tier 


Kat 


10-100 




p.o. 


22 


Four-nlatp tp^t 


iviuuse 




30 


i.p. 


18.19 


Fear potentiated startle: 


Rat 








20 


acquisition 




u.o— ou 


3-30 


P.O. 




exoression 




n 7_^n 


30 


P.O. 




Depression 












Swim test 


Rat 


0.1-30 




i.p. 


18 


Tail suspension 


Mouse 


0.1-20 


1-20 


i.p. 


18 


Parkinson's disease 












6-OHDA model 


Rat 


7.5-30 


30 


p.o. 


26 


Side-effects 












PPI 


Rat 


1-10 




P.O. 


22 


Rotarod 


Rat 


7.5-300 




P.O. 


26 


Spontaneous locomotor 


Mouse 






22 


activity: 










horizontal activity 




0.01-100 




P.O. 




vertical activity 




0.01-100 


100 (l) 


P.O. 




•Abbreviations: EPM. elevated plus-maze; FCA, Freund's complete adjuvant; i.p.. intra -peritoneal; 




i.pl., Intra-plantar; mglu, metabotropic glutamate; MPER 2-methyl-6-(phenylethynyl)-pyridrne; 6-OHDA, 




6-hydroxydopamine; p.o.. oral; PPI, prepulse inhibition; SIH, stress-induced hyperthermia. 




"Symbols: no effect- i decrease. 










•Dose is given as mg kg-^ except for FCA-induced mechanical hyperalgesia. 







(M. Amaliic et al, unpublished). 
Comparable results were obtained with 
chronic L-3,4-dihydroxyphenylalanine 
(l-DOPA) treatment. Subsequent studies 
in the unilateral 6-OHDA rat rotation 
model confirmed sensitization to MPEP 
following a sub-chronic (7 days) 
appHcation resulting in a (limited) 
rotational response rather than an 
ipsilateral bias in spontaneous turning 
(W.P.J.M. Spooren et a/., unpubhshed). 
Furthermore, MPEP was found to 
counteract haloperidoi-induced muscle 
rigidity and akinesia (A. Pile et al, 
unpublished). Accordingly, it appears that 
mglUg receptor antagonists have minor 
motor stimulating properties in models of 
Parkinson's disease but might improve 
rigidity and bradykinesia and thus 
provide an interesting new approach for 
the symptomatic treatment of 
Parkinson's disease. 



Concluding remarks 

The identification of the first subtype- 
selective mglug receptor antagonists has 
fostered important progress in the 
imderstanding of the role of mglug 
receptors in neurological and behavioural 
disorders. On the basis of published 
studies, a clear indication for the potential 
therapeutic use of mglu^ receptor 
antagonists seems to be in chronic pain 
that arises from inflammatory conditions. 
Furthermore, additional potential 
indications are anxiety, epilepsy and 
chronic neurodegenerative diseases such 
as Parkinson's disease. Other potential 
applications such as asthma and bowel 
disorders, which involve peripherally 
expressed mglu^ receptors, are only 
beginning to emerge and await further 
exploration. The next few years will - 
witness major advances in the development 
of noncompetitive antagonists for mglu^ 



receptors as well as other mglu receptors, 
and \yill bring fiirther understanding in the 
role of these receptors in 
(patho)physiological processes. 
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LY344545: (1 /?.25)-2-((R)- Vamino-1-carboxy-2- 

(9Mthk)xanthei>9-yO-eth>1]-cyclopropanecarl)oxylic 

acid 

LY393675: 3-(S)-1-amlno-1-carboxy-2-(9H^ 
thioxanthen-9-yl)-ethyl]-cyclobutanecarboxyllcacld 
SIB1757: 6-methyl-2-(phenylazo)-3-pyridinol 
SIB1893: (Q-2-methyt-6-(2-pherTylethenyl)pyrldine 
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I Meeting Report 

Histamine receptors are finally 'coming out' 

Rob Leurs, Takehiko Watanabe and Henk Timmerman 



The International Sendai Histamine 
Symposium Histamine Research in the New 
Milienniumvias held in Sendai, Japan on 
22-25 November 2000. 

The Histamine Research in the New 
Millennium Symposium, which covered 
various aspects of the histamine-mediated 
system, was one of the most exciting 
meetings in this field in past years, and 
was enjoyed by 300 attendants firom 
25 countries. Important information on 
histamine H, and receptors was 
reported, but the main reason for this 
enthusiasm was the wealth of new 
information on several new histamine 
receptors (Table 1). 

Cloning and characterization of the 
receptor 

Following the cloning of the human 
histamine Hg receptor by Lovenberg et al. 



in 1999 (Ref. 1), the field of histamine 
receptors has gained considerable 
interest. At the meeting Tim Lovenberg 
(R. W. Johnson Pharmaceutical Research 
Institute, San Diego, CA, USA) briefly 
reviewed the cloning of the human and rat 
Hg receptor cDNAs as part of their on- 
going effort to identify orphan G-protein- 
coupled receptors. The two receptors 
exhibit a 97% homology in the 
transmembrane (TM) domains^*^, but 
surprisingly they display a significant 
difference in affinity for some Hg receptor 
ligands (e.g. thioperamide shows a tenfold 
preference for the rat receptor). Cloning of 
the mouse Hg receptor allowed Lovenberg 
and co-workers to generate Hg receptor 
knockout mice. These animals are viable 
and fertile, but less 'active* at all times. 
The mice are currently undergoing further 
testing and will provide interesting new 
model systems to learn more about the 



(patho)physiological role of the 
Hg receptor. 

Investigations by the groups of Rob 
Leurs (Leiden/Amsterdam Center for 
Drug Research, Amsterdam, The 
Netherlands) and Jean-Charles Schwartz 
(INSERM, Paris, Prance) revealed that 
Thrll9 and Alal22 are fully responsible 
for the observed relative low affinity of 
thioperamide, iodophenpropit and 
ciproxyf an at the human Hg receptor. The 
same two groups also reported on the high 
level of constitutive activity of the human 
and rat Hg receptor, resulting in a 
reclassification of a variety of Hg receptor 
antagonists. Burimamide, originally 
found to be an Hg receptor antagonist^, 
surprisingly acts as an agonist at the 
recombinant Hg receptor, whereas 
compounds such as thioperamide, 
clobenpropit and ciproxyfan behave as 
inverse agonists. The constitutive activity 
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Each metabotropic glutamate receptor possesses a 
large extracellular domain that consists of a sequence 
homologous to the bacterial periplasmic binding pro- 
teins and a cysteine-rich region. Previous experiments 
have proposed that the extracellular domain is respon- 
sible for ligand binding. However, it is currently un- 
known whether the extracellular ligand binding site can 
bind ligands without other domains of the receptor. We 
began by obtaining a sufficient amount of receptor pro- 
tein on a baculovirus expression system. In addition to 
the transfer vector that encodes the entire coding re- 
gion, transfer vectors that encode portions of the extra- 
cellular domain were designed. Here, we report a solu- 
ble metabotropic glutamate receptor that encodes only 
the extraceUuIar domain and retains a ligand binding 
characteristic similar to that of the full-length receptor. 
The soluble receptor secreted into culture medium 
showed a dimerized form. Furthermore, we have suc- 
ceeded in purifying it to homogeneity. Dose-response 
curves of agonists for the purified soluble receptor were 
examined. The effective concentration for half-maximal 
inhibition (ICgo) of quisqualate for the soluble receptor 
was 3.8 X 10~® M, which was comparable to that for the 
full-length receptor. The rank order of inhibition of the 
agonists was quisqualate » ibotenate & L-glutamate 
(lS,3jR)-l-aminocyclopentane-l,3-dicarboxylic acid. These 
data demonstrate that a ligand binding event in metabo- 
tropic glutamate receptors can be dissociated from the 
membrane domain. 



Glutamate receptors are divided into two distinct classes: 
ionotropic glutamate receptors (iGluRs)' and metabotropic glu- 
tamate receptors (mGluRs) (1, 2), The iGluRs consist of 
methyl-D-aspartate receptors and non-AT-methyl-D-aspartate 
receptors. Non-7V-methyl-D-aspartate receptors are further 
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subdivided into two groups: a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptors and kainate receptors. iGluRs 
are ligand-gated ion channels that transduce glutamate bind- 
ing into cation influx. mGluRs that have been discovered most 
recently comprise eight subtypes, which are divided into three 
groups according to agonist selectivity, coupling to different 
effector systems, and sequence homology (3-6). Group I in- 
cludes mGluRl and mGluRS, which are coupled to inositol 
phospholipid metabolism. Group II (mGluR2 and mGluR3) and 
group III (mGluR4, mGluR6, mGluR7, and mGluRS) are neg- 
atively coupled to adenylate cyclase activity. Functional anal- 
yses of these mGluRs are now avidly being performed. The 
evidence is accumulating that mGluRs modulate excitatory 
synaptic transmission (7) through various neural transduction 
pathways, such as regulation of neurotransmitter release (8), 
influences on ion channel activity (9), and modulation of syn- 
aptic plasticity (10). 

mGluRs have a remarkably large extracellular domain that 
has no homology with the other G protein-coupled receptors 
(GPCRs) except Ca^*^ -sensing receptors (11). Previous experi- 
ments (12, 13) have proposed that the ligand binding site 
resides mainly in the extracellular domain. Thus, the mode of 
Hgand binding of mGluRs is different from that of other GPCRs 
for small molecule transmitters, such as adrenaline and ace- 
tylcholine. Thus, it is a subject of great interest how extracel- 
lular signals are transmitted into cells and what roles other 
parts of the receptor protein perform in mGluRs. Recently, 
various data of mGluRs on the brain function have been ob- 
tained, and the more specific and stronger antagonists and 
agonists have been urgently requested both in neurobiology 
and clinical fields (6, 14). For designing the antagonists, the 
information on the three-dimensional structure of the receptor 
protein is very valuable. In order to determine a tertiary struc- 
ture, a sufficient amount of pure receptor protein is needed. 
However, at present, it is extremely difficult to solubilize the 
receptor protein from membrane preparations. Therefore, we 
tried to, produce a ligand binding region in a soluble form. If a 
ligand binding region can be produced independently of the 
membrane domain, it will be also a good tool for understanding 
activation mechanism of this intriguing receptor. Jn an a-ami- 
no-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, one 
of glutamate-gated ion channels, Kuusinen et al. (15) have 
shown that an agonist binding site can be reconstituted by 
making a fusion protein of two discontinuous segments: one 
is proximal to the first transmembrane segment, and the 
other is located between the third and fourth transmembrane 
segments. 

In the current study, we have expressed a mGluR subtype la 
(described as mGluRl from now on) in insect cells on a bacu- 
lovirus system. We have isolated an extracellular ligand bind- 
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ing region that has a biochemical characteristic comparable to 
that of the full-length receptor. Purification and characteriza- 
tion of the soluble mGluR are presented. This is the first 
demonstration among GPCRs for small molecule transmitters 
that a ligand binding region is produced in a soluble form. 

EXPERIMENTAL PROCEDURES 

Quisqualic add, (lS,3i2)-l-aminocyclopentane-i,3-dicar- 
boxyUc acid (ACPD), (25,rie,2'i?,3'i?).2-(2,3-dicarboxycyclopropyl).gly. 
cine, L-2-amino-4-phosphonobutyrate, (S)-3,5-dihydroxyphenylglycine, 
(i?,5)-l-aminoindan-l,5-dicarboxylic acid, ,(5)-a-methyl-4-carboxy- 
phenylglycine, 7-(hydrox3nimno)cyclopropa[b]chromen-la-carboxylate 
ethyl ester, iV-phenyl-7-aiydnixyimiiio)cycIopropa[b]chromen-la-carbox- 
amide, (i?,S)-a-ethyl-4-carboxyphenylglycine, (i?^)-2-amino-4>(3-hy. 
droxy-5-methylisoxazol-4-yl)but3rric acid, . (2S)-a-ethylg]utamic acid, 
(i2,S)-a-cyclopropyl-4-phosphonophenylglycine, and (i?HS)-tt-methyl- 
serine-O-phosphate were purchased from Tocris Cookson Inc. (St. 
Louis, MO). L-Glutamic acid was obtained from Wako Pure Chemical 
Industries Ltd. (Osaka, Japan). Ibotenic acid was purchased from 
Sigma. All other reagents were of analytical grade. 

Cell Culture-^podoptera fn^iperda cells (Sf9 cells) were propa- 
gated in a monolayer at 27 "C in TNM-FH (Grace's powder medium, 
0.4% yeastolate, 0.4% lactalbumin hydrolysate, and 0.1% pluronic F-68 
from life Technologies, Inc.), supplemented with 10% fetal bovine se- 
rum (Irvine Science, Santa Ana. CA) or in suspension at 27 *C in IPLr41 
(Life Technologies, Inc.) supplemented with 10% fetal bovine serum, 
0.3% tryptose phosphate (Life Technol(^es, Inc.). 100 units/ml of pen- 
icillin, 100 ^ig/ml streptomycin, and 25 ng/ml amphotericin B were used. 
Trichoplusia ni BTI.TN-5B1-4 (High Five cells) were cultured in a 
monolayer at 27 *'C in Express Five serum-free medium (Life Technol- 
ogies, Inc.) supplemented with 18 mM L-glutamine. Chinese hamster 
ovary (CHO) cells permanently expressing mGluRl (16) were cultured 
in a monolayer at 37 "C, 5% CO2 in Dulbecco's modified Eagle medium 
(Nissui) lacking L-glutamine, ribonucleosides, and deoxyribonucleo- 
sides and supplemented with 2 mM L-glutamine, 1% L-proline, and 10% 
dialyzed fetal bovine serum (Life Technologies, Inc.). Penicillin (100 
units/ml) and streptomycin (100 ^g/ml) were used. 

Construction of Transfer Vectors for Expression of mGluRs in Insect 
Cells-^ASacU. fragment that contains the full coding region of mGluRl 
was excised from pmGRl (3) and was ligated into SacII-digested pBlu- 
scriptll SK(-I-) (Stratagene, La JoUa, CA). ANotl-Xbal fragment of the 
intermediate construct was ligated into Xbal-JVbrt-digested pVL1392 
(PharMingen, San Diego, CA) to generate pmGluRl02. 

pmGluR104 was made as follows. pmGRl was used as a template of 
polymerase chain reaction (PCR) to amplify a sequence (nucleotides 
3276-3597) according to the numbering of the sequence by Masu et al 
(3). Primer T03 (5'-CCAGGACJGAGTCCATC-3') and primer T04 (5'- 
CAGTGCTCTAGATCACTAGTGATGGTGATGGTGATGCAGGGTGG- 
AAGAGCTTTGC-3') were used. T04 contains six consecutive histidine 
codons and an Xbal site. A 310-base pair Clal-Xbal fragment of the 
PCR product was ligated with a S.S-kilobase psdrNotl-Clal fragment of 
pmGRl and a 9.6-kilobase pair .X&al-JVofl-digested pVL1392 vector. 

pmGluR103 was made as follows. PCR was done using pmGRl as a 
template to amplify a sequence (nucleotides 1239-1506) with primers 
TGI (5'-CATCAATGCCATCTATGCCATGGC-3') and T02 (S'-CAGTG 
CTCTAGATCACTAGTGATGGTGATGGTGATGTTCATGCCAGGTCC- 
CCACG-3'X Six histidine codons and an Xbal site were included in T02. 
The PCR product was digested with ATcoI and Xbal and was cloned into 
theXfeoI-JVcoI-digested fragment of pmGluRl02. 

pmGluRlO? was made as follows. PCR was done with primers 
GN327361U (S'.AGCGGCCGCCACCGCGGTGGACCGCGTCTTCGC- 
CACAAT-3') and G394419FL (5'-TTTGTCATCGTCGTCCTTGTA- 
GTCGGGCAAAATGGACATCTCCAAAAA-3') using pmGluRl04 as a 
template. Another PCR was performed with primers GF421442U (5'- 
GACTACAAGGACGACGATGACAAAAGGATGCCTGACAGAAAAGT- 
ATTG-3') and G700730EL (5'-TCTGATGAATTCGATGCTCTGTTC- 
GAGA(X;CAC-3'). The PCR products were mixed, and a second PCR 
was performed with primers GN327361U and G700730EL- The PCR 
product was cut by Notl an d BcoBl and ligated into TVo/I-^coRI-digested 
pmGluRl04. The resultant plasmid contains the sequence correspond- 
ing to DYKDDDDK after Pro20. 

pmGluRlOS was constructed from praGluR104. A fragment (nucleo- 
tides 1687-1776) was made with primers HJ104 (5'-AGAGCCTGT- 
GACCTGGGGTGGTGG-3') and MOlOl (5'-TCTAGATTACTAGTGAT- 
GGTGATGGTGATGGCTAGCTTCTATGTCACTCCACTCAAGATA-3'). 
Another fragment (nucleotides 1783-^1911) was made with primers 
MO102 (5'-GCTAGCCATCACCATCACCATCACTAGTAATCTAGAAT- 



AGCCATCGCCTTTTCTTGCCTG-3') and HJ107 (5'-ACCAGCCAGAA- 
TGATATAGCAGAG3'). A second PCR was done with primers HJ104 
and HJ107, and its product was digested with 5acl and hgated into 
Sad-linearized pmGluRl04. The resultant plasmid contains Ala-Ser- 
HiSfi termination codons after G\u^. All of the above PCR products 
were entirely sequenced. 

Generation of Becombinant Baculoviruses for m(j/ui2s— Recombi- 
nant baculoviruses encoding full-length and truncated cDNAs were 
produced in Sf9 cells with the transfer vectors. Briefly, Sf9 cells (1 x 
10*) were transfected with 0.1 ^ig of BaculoGold linear DNA (Phar- 
Mingen) and 1.0 /ig of each plasmid using a liposome transfection kit 
(Life Technologies, Inc.). The viruses were harvested after 6 days. For 
the expression assay, 2.5 x 10® Sf9 or High Five cells were infected with 
each baculovirus. 72 h after infection, cells were harvested, and mem- 
branes were prepared as below. In the case of the cells infected with 
baculoviruses for mGluR103, mGluRlO?, and mGluRlOS, culture me- 
dium was collected and centrifuged at 800 X g for 10 min and filtered. 
Membranes were solubilized on ice for 30 min in lysis buffer (40 mM 
Hepes, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA. and 1.0% 
Chaps) containing protease inhibitor mixtures (1 mM phenylmethylsiJ- 
fonyl fluoride, and 10 ;ig/ml each of leupeptin, aprotinin, pepstatin A, 
benzamidine, and trypsin inhibitor), and were centrifuged at 12,000 X 
g for 20 min. Aliquots of the supematants and medium were analyzed 
by immunoblotting. 

The plaque-purified recombinant viruses containing the full-length 
cDNAs for mGluR were used to infect Sf9 cells (1 x 10®) at a multiplic- 
ity of infection of 1. The purified recombinant viruses containing trun- 
catfid cDNAs for mGluR, mGluRl03, mGluRl07, and mGluRlOS were 
used to infect High Five cells (1 X 10»-2 x 10«). Cells were harvested at 
approximately 72 h post infection. Culture medium was prepared as 
described above for smaller cultures. Membranes were prepared as 
described below. 

Membrane Preparation— Membranes were obtained by nitrogen cav- 
itation. Briefly, CHO cells or Sf9 cells were suspended in Buffer A (20 
mM Tris-HCl, pH 7.5, 1 mM EDTA, and protease inhibitor mixtures), 
placed in a pressure chamber (Parr bomb) and pressurized to 800 p.s.i. 
with nitrogen gas for 30 min on ice. The mixture was collected by 
pressure release and centrifuged at 800 x g. The supernatant was then 
centrifuged at 100,000 x g for 30 min to pellet down the membranes. 
The membranes were divided into aliquots, frozen in liquid nitrogen, 
and stored at -80 "C until use. 

Western Blot Analyses — Cell membranes and culture medium were 
separated by SDS-polyacrylamide gel electrophoresis (PAGE) and elec- 
troblotted onto a nitrocellulose membrane (Schleicher & Schuell). The 
membrane was then blocked for 1 h in TBST (10 mM Tris-HCl, pH 8.0, 
150 mM NaCl, and 0.06% Tween 20) with 1% bovine serum albumin and 
incubated overnight at room temperature with a 1:5000 dilution of 
anti-mGluRl monoclonal antibody (MAb) mGlNa-1 and a 1:5000 dilu- 
tion of polyclonal antibody A52 in TBST. After being washed, the. 
membrane was incubated with a goat anti-mouse IgG or a goat anti- 
rabbit IgG conjugated with alkaline phosphatase. Color development 
was done by a commercial detection kit (Promega). A MAb mGlNa-1 
was made by Dr. Akio Neki as follows. The spleen cells from Balh/c mice 
immunized with glutathione 5-transferase (GST)-fused mGluRl pep- 
tide (amino add residues 104-154) were fused with X63-Ag8.653 cells 
as described (17). The character of MAb mGlNa-1 was verified using 
CHO cells, which produce mGluRl, in comparison with polyclonal an- 
tibodies G18 and A12 (18). Polyclonal antibody A52 was raised against 
an mGluRla C-terminal peptide (amino acid residues 859-1199) (19). 

Immunoaffinity Column Chromatography Using MAb mGlNa-1 

About 2 liters of supernatant of hybridoma mGlNa-1 cells was concen- 
trated to 30 ml using XM50 (Millipore Corp., Bedford, MA). After 
addition of 150 ml of PBSSC (8 mM Na2HP04, pH 7.3, 1.5 mM KHgPO^, 
136.9 mM NaCl, and 3.6 mM KCl) and concentration again to 45 ml, the 
concentrate was applied onto a HiTrap protein G column (Amersham 
Pharmacia Biotech). The bound material was eluted with 0.1 m glycine- 
HCl, pH 2.7. Peak fractions were pooled and dialyzed against PBSSC at 
4 'C. MAb mGlNa-1 (11.2 mg) was coupled with 1 ml of HiTrap NHS- 
activated column (Amersham Pharmacia Biotech) in Buffer L (200 mM 
NaHCOg, pH 8.3, and 500 mM NaCl) at 4 'C overnight. The column was 
washed several times alternately with Buffer Wl (0.5 M ethanolamine, 
pH 8.3, and 500 mM NaCl) and Buffer W2 (100 mM acetate, pH 4.0, and 
500 mM NaCl). After neutralization with 100 mM Hepes, pH 7.5, the 
supernatant of High Five cells prejaared below was loaded. 

Ligand Binding Assay^Uemhrane fractions (20-100 ;ig) of baculo- 
vi ruses-infected cells were incubated with PH]quisqualate (20 nM) in a 
total volume of 200 fx.] of Buffer B (40 mM Hepes, pH 7.5, and 2.5 mM 
CaClg) for 1 h at room temperature. The reaction mixture was aspirated 
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Fig. 1. Schematic representation of various recombinant 
baculovirus transfer vectors for mGluRl in insect cells. A His tag 
consists of six consecutive histidine codons. A Flag tag encodes flag 
epitope. 



onto GF/C filter (Millipore Corp.). After being washed with Buffer B, the 
Alters were briefly dried and counted by the scintillation counter. Non- 
specific binding was determined in the presence of 1 mM L-glutamate. 
. For soluble mOluRs secreted into culture medium, a new binding assay 
was established using nickel conjugated beads as described below. The 
concentrated medium (100-200 ^1) or purified soluble receptor 
mGluRlOS (1 ^ig) was mixed with Ni^'^-NTA conjugated beads (Qiagen 
Inc., Chatsworth, CA) at 4 for 15 h. After several washings with 
Buffer B, l^H) quisqualate was added with and without ligands. After 
being shaken for 1 h at room temperature, the reaction mixture was 
washed with Buffer B several times and filtered through GF/C filters. 
The remaining radioactivity was counted. Because aspirates through 
GF/C filters did not show any significant signal by immunoblotting, the 
entrapment of His-tagged receptor protein by Ni^"^ -beads seemed to be 
complete. 

Purification of the Soluble mGluR — ^A conditioned medium of soluble 
mGluRl-producing High Five cells was concentrated to 10 -50-fold by 
XM50. After being dialyzed against Buffer C (10 mM Hepes, pH 7.5, and 
200 mM NaCl), the dialyzate was centrifuged at 100,000 X g for 30 min 
and loaded onto an immunoaffinity column, which was conjugated with 
MAb mGlNa-1 as described above. The colunm was washed with 30 ml 
of Buffer C, and the bound material was eluted with 500 mM NaCl 
containing 500 mM sodium thiocyanate and 10 mM Hepes, pH 7.5. 
Aliquots of the eluate were analyzed by SDS-PAGE followed by immu- 
noblotting. Positively stained fractions were pooled and analyzed by 
ligand binding assay. Then the pooled fraction was dialyzed against 10 
mM Hepes, pH 7.5, containing 200 mM NaCl and 10% glycerol, and the 
dialyzate was loaded onto a HiLoad 16/60 Superdex 200 (Amersham 
Pharmacia Biotech) by high performance liquid chromatography (Wa- 
ters 626 LC). The flow rate was 0.5 ml/min, and fractions of 2.5 ml each 
were collected. 

RESULTS 

Fig. 1 shows a schematic drawing of the transfer vectors used 
in the baculovirus infection experiments. pmGluR102 and pm- 
GluR104 encode the membrane*bound forms of mGluRl. pm- 
GluR103, pmGluRlO?, and pmGluRlOS are designed to pro- 
duce the truncated forms of mGluRl, which are expected to be 
secreted into the culture medium. 

Recombinant baculoviruses for the expression of full-length 
mOluRl were prepared and used to infect Sf9 insect cells in 
monolayer cultures. Immunoblotting analysis of expressed 
mGluRl is shown in Fig. 2A. Both the polyclonal antibody A52, 
which was raised against a C-terminal peptide of mGluRl, and 
the MAb mGlNa-1 yielded a 155-kDa band in the membrane 
preparation from Sf9 cells infected with recombinant viruses 
but not in the control membrane preparation from Sf9 cells 
infected with wild-type virus, Autographa californica nuclear 
polyhedrosis virus (AcNPV). mGluRl expressed in CHO cells 
showed a more slowly migrating band. This size difference may 
reflect less extensive glycosylation in the insect cells. A ligand 



binding assay was performed using membrane fractions of Sf9 
cells infected with their respective recombinant viruses. ^H- 
Labeled quisqualate specifically bound the membranes, and 
the binding was displaced by unlabeled glutamate (Fig. 2B). 
The control membranes prepared in parallel fronTwild^type 
vims (AcNFV)-infected cells did not show any specific binding. 
Both levels of expression of the receptor protein and the ligand 
binding ability seemed not to show a significant difference 
between the cells infected with recombinant viruses for 
mGluR102 and for mGluR104. The inhibition of [^H]quisqual- 
ate binding with several agonists was examined as shown in 
Fig. 2C. The effective concentration for half-maximal inhibition 
(IC50) of quisqualate was 3,0 X 10~® m, which is comparable to 
the effective concentration for half-maximal response (EC50) in 
inducing the stimulation of phosphatidylinositol hydrolysis in 
CHO cells permanently expressing mGluRl (16). The rank 
order of inhibition was quisqualate » L-glutamate ibote- 
nate s (15,3/?)-ACPD. Ohashi et al (20) have obtained compa- 
rable data using the membrane fractions of Sf9 cells infected 
with recombinant baculovirus for the human full-length 
mGluRl. They reported that ^H-labeled quisqualate binds the 
receptor in a saturable manner, with a value of 5.26 X 10"® 
M. Their IC50 value, 2 X 10"® m, of quisqualate for the human 
full-length mGluRl agrees with ours. 

Next, we tried to dissect the ligand jjinding region of 
mGluRl, We infected High Five cells with recombinant viruses 
for mGluRlOS, mGluRlO?, and mGluRlOS, which were ex- 
pected to produce the extracellular portions of mGluRl. Fig. 3 
shows the Western blotting analyses of culture medium of cells 
infected with the recombinant baculoviruses. mGluR103 and 
mGluRlO? produced a 66-kDa band, and mGluRlOS produced 
a 74-kDa band under the reducing conditions. The level of 
expression of mGluRlOS was much higher than those of 
mGluRlOS and mGluRlO?. Under the nonreducing conditions, 
both bands shifted to the bands of approximately twice the size 
of the bands observed under the reducing conditions, suggest- 
ing a dimer formation. A minor faster migrating band observed 
in mGluRlOS under the nonreducing conditions seemed to be a 
monomer. The 74-kDa band under the reducing conditions 
looked broad and may reflect heterogeneities of the glycosyla- 
tion pattern. mGluRlO?, which differs from mGluRlOS only in 
the flag tag sequence added to the N-terminal end, did not show" 
any obvious band under the nonreducing conditions. Although 
the cause of the anomalous electrophoresis of the mGluRlOT 
protein was not clear, it suggested an aggregated or an un- 
folded protein formation, which may be brought about by the 
disruption of the tertiary structure due to the peptide tag. 

To study ligand binding properties of soluble receptors, we 
dey eloped a new binding assay using Ni^^ -conjugated beads, 
which can trap the histidine tag added to the soluble mGluRs. 
Concentrated culture medium (100-200 /il) was incubated 
with Ni^'^-coiyugated beads. Although mGluR103 and 
niGluRlG? showed no appreciable binding, mGluRlOS did re- 
veal a significant binding ability. This binding was inhibited in 
the presence of 1 mM L-glutamate. Neither concentrated control 
culture medium nor separately prepared His-tagged soluble 
receptor (soluble low density lipoprotein receptor; data not 
shown) showed any significant binding. We examined the ago- 
nist selectivity of mGluRlOS as shown in Fig. 4. Inhibition of 
labeled quisqualate binding by several agonists was analyzed. 
The rank order of inhibition was quisqualate » L-glutamate 
(1S',37?)-ACPD ibotenate. (2S,l'i2,2'i?,3'J?)-2-(2,3-Dicarboxy- 
cyclopropyD-glycine and (liS,3S)-ACPD inhibited the quisqual- 
ate binding by 37 and 56% at 1 x lO"*"* M, respectively; however, 
L-2-amino-4-phosphonobut3Tate, which is a group Ill-specific 
agonist, hardly inhibited it (data not shown). The iGIuR ago- 
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Fig. 2. Biochemical and pharmacological characterization of 
fiiU-length mGluRl in insect cells infected with recombinant 
bacidoviruses. A, expression of full-length mGluRl in insect cells was 
examined by immunoblotting. Membrane fraction (60 Mg) of CHO cells 




Fig. 3. Immunoblotting analyses of the secreted soluble 
mGluRs. 20 fj} of culture medium of High Five cells infected with each 
baculovirus for mGluRlOS, mGluRlO?, and mGluRlOS were loaded on 
7.5% SDS-polyacrylamide gels under the reducing conditions with 2% 
P-mercaptoethanol and under the nonreducing conditions. Proteins 
were transferred onto nitrocellulose membranes and probed with MAb 
mGlNa-1, as described in the legend to Pig. 2A. 



nists JV-methyl-D-aspartate, a-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid, and kainate did not show any signifi- 
cant inhibition at 1 X 10""* M (data not shown). These binding 
characteristics clearly indicate that the expressed soluble re- 
ceptor, mGluRlOS, is capable of. binding ligands in the same 
manner as the native group I mGluR. 

Because newer ligands have recently been used in physiological 
and pharmacological experiments on mGluRs, we examined their 
reactivities with the soluble mGluRlOS. Fig. 5A shows the dose- 
response curves of the newer Ugands. (S)-3,5-Dihydroxyphenylgly- 
-dne, which is a group I-spedfic agonist (21-23) and (i?,S>l-aniin- 
oindan-l,5-dicarboxyUc acid, which is a group I-spedfic antagonist 
(24), inhibited the [^H] quisqualate binding at ICgg values of 0.23 X 
10'^ and 0.50 x 10"^ m, respectively. (S)-a-Methyl-4-carbQxyphe- 
nylglydne, which is a nonselective group I/group n antagonist (25, 
26, 23), also inhibited the quisqualate binding at an ICgo value of 
1.2 X 10~* M. 7-(Hydroxyimino)cyclopropa[b]chromen-la-carboxy- 
late ethyl ester and Ar-phenyl-7-(hydroxyimino)cydopropa[b- 
jdiromen-la-carfooxamide, which are structurally novel group I 
antagonists (27), did not show any inhibition. Results of other 



produdng mGluRl and membrane fractions (30 fig) of Sf9 cells infected 
with recombinant viruses for mGluR102, mGluR104, and wild-type 
virus (AcNPV) were loaded onto a 7.5% SDS-polyacrylamide gel. Pro- 
teins were transferred onto a nitrocellulose membrane and probed with 
mGluRl-spedfic MAb mGlNa-1 and polydonal antibody A52. Immu- 
nostained proteins were visualized by a goat anti-mouse IgG or a goat 
anti-rabbit IgG coupled to alkaline phosphatase as described under 
"Experimental Procedures." Marker proteins are myosin heavy chain 
(203 kDa), phosphoiylase B (110 kDa), bovine serum albumin (70.8 
kDa), and ovalbumin (43.6 kDa). B, ligand binding of full-length 
mGluRs was measured. Membrane fi-actions (100 /ig) of Sf9 cells in- 
fected with recombinant viruses for mGluRl02, mGluRl04, and wild- 
type virus (AcNPV) and of CHO cells producing mGluRl were incubated 
in a binding buffer (40 mw Hepes, pH 7.5, and 2.5 mM CaClg) with 
PHJquisqualate (20 nw) at room temperature for 1 h. The reaction 
mixtures were aspirated onto GF/C filters, and the material remaining 
on the filters were counted with a scintillation counter. Nonspedfic 
binding was determined with 1 mM L-glutamate. Each binding was 
performed in triplicate and is shown as mean ± S.D. A representative 
of two experiments is shown. C, dose-response curves of various ago- 
nists in inhibiting PHI quisqualate binding to ftill-length mGluR104 
were determined. Indicated concentrations of quisqualate {open circles), 
L-glutamate (closed circles), (lS,3jR)-ACPD {open squares), and ibote- 
nate (closed squares), each with the addition of PHJ quisqualate (20 nXi), 
were incubated with 100 of membrane fraction of Sf9 cells infected 
with recombinant virus for mGluRl04 prepared as described under 
"Experimental Procedures." Binding counts obtained without any ago- 
nist were 7507 ± 624 dpm. Each point shows the mean ± S.E. of three 
experiments done in triplicate. 
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Fig. 4. Dose-response curves of various agonists in inhibiting 
[^HJquisqualate binding to the soluble mGluR108 secreted into 
culture medium. The supernatant of High Five cells infected with 
recombinant virus for mGluRlOS was concentrated 40-fold. 200 /J of it 
was incubated with Ni^*^ -conjugated beads. Then, the indicated concen- 
trations of quisqualate (open circles), L-glutamate (closed circles), 
(lS,3i?)-ACPD (open squares), and ibotenate (closed squares), together 
with [^Hjquisqualate, were added into the reaction mixture. Ligand 
binding was assayed as described under "Experimental Procedures/ 
Binding counts obtained without any agonist were 9268 ± 1387 dpm. 
EachjDoint shows the mean ± S.E. of two experiments done in triplicate. 



ligands are shown in Fig. 5B. (i2^)-a-Ethyl-4-carboxyphenylgly- 
cine (23, 28) showed an inhibition of 37% at 1 x 10~* M. (fl,iS)-2- 
Aniino-4-(3-hydroxy-5-methylisoxazol-4-yl)but3rric acid, which is an 
mGluR subtype 6-specific agonist (29), showed a sUght inhibition of 
10% at 1 X lO"'* M. Other compounds, including (2S)-a-ethylglu- 
tamic add, CR,5)-a-cyclopropyl-4-phosphonophenylglycine, and 
(HyS)-a-methylseiine-0-phosphate, which are dassified as group II 
or group in antagonists, did not show significant inhibition. 

Next, we started the purification of the soluble receptor 
mGluR108 from the culture medium. Approximately 2.5 hters 
of the culture medium was concentrated, dialyzed, and loaded 
on an immunoaffinity column as described under "Experimen- 
tal Procedures." After being washed with the binding buffer, 
the bound material was eluted. Aliquots of the flow-through 
and the eluates were analyzed by silver staining (Fig. 6A) and 
immunoblotting (Fig. 6B). Fractions that were positively 
stained by the immunoblot completely agreed with the ligand 
binding activity, and these fractions were pooled and purified 
by size exclusion column chromatography (Superdex 200) as 
shown in Fig, 7. A single peak was obtained. Peak fractions 
were collected and analyzed by SDS-PAGE under reducing and 
nonreducing conditions, followed by silver staining. On the 
basis of the result of an overloaded gel electrophoresis of the 
purified soluble receptor protein, we estimated that the purity 
of our final material is 99% (data not shown). Calibration with 
the molecular size markers showed the eluting position of the 
soluble inGluRlOS to be around 190 kDa. The purified material 
is definitely larger than a monomer and seems to be a dimer or 
a larger oligomer. 

Fig. 8 shows dose- response curves of group I mGluR agonists 
for the purified mGluRlOS. IC^o value of quisqualate, 3.8 X 
10"® M, was close to that for the full-length receptor, 
mGluR104, as described in Fig. 2C. The rank order of inhibition 
of the agonists was quisqualate 2S> ibotenate > L-glutamate 
(lS,3/2)-ACPD. The IC50 values of L-glutamate and (IS,3R)- 
ACPD for the purified receptor seems to be 2-5 times as large 
as those for the full-length receptor. The rank order of the 
inhibition is reversed between L-glutamate and ibotenate. Al- 
though the significance of this small difference is unknown, it 
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FiG. 5. Dose-response curves and effects of newer ligands on in- 
hibiting pHJquisqualate binding to the soluble mGluR 108 secreted . 
into culture medium. A, concentrated culture medium of Hi^ Five cells 
infected with the recombinant virus for mGluRlOS were prepared and used 
for inhibition of the PH) quisqualate binding as described in Fig. 4. The 
indicated concentrations of (S)-a-methyl-4-carboxyphenylglycine (MCPG), 
(S)-3,5-dihydroxyphenylglycine (DHPG), 7-(hydrox3dmino)cyclopropa- 
(b]chTOmen-la-carboxylate ethyl ester (CPCCOEt), Ar-phenyl-7-(hydix»y 
imino)cyclopn)pa[b]chromen-la-carboxamide (PHCCO, (RyS)-l-aminoin- 
dan-l,5-dicarboxylic acid CAZDA), and L-glutamate were added in the reac- 
tion mixtures. Binding counts ivithout any ligand were 2133 ± 229 dpm. 
The values indicated are means ± S.D. of tripricate determinations. A 
representative of two experiments is shown. B, effects of various ligands on 
the inhibition of PH] quisqualate binding are shown. The ligands analyzed 
are CR,5)-a-ethyl-4-carboxyphenylglycine iE4CPG), (2S)-a-ethylglutamic 
acid (EGLU), (i?,S)-a-cyclopropyl-4-phosphonophenylglycine iCPPG), (i?,S)- 
2-amino-4-(3-hydroxy-5-methylisoxazol-4-yl)but3nric add (Homo-AMPA), 
and (i?,S>a-methylserine-0-phosphate (MSOP). Each ligand was incubated 
in the reaction mixture together with [^H]q[uisqualate. Basal levels were 
2133 t. 229 dpm A representative of two experiments is shown. 



may reflect the difference between the crude membrane prep- 
aration and the purified receptor protein. 

DISCUSSION 

mGluRs have occupied a unique place in the sense that they 
have a very large extracellular domain and no amino acid 
sequence homology in the transmembrane helix with the other 
conventional GPCRs. Takahashi et at. (12) have made chimeric 
receptors between mGluRl and mGluR2 and have shown that 
the large extracellular domain plays a crucial role in determin- 
ing agonist selectivity. O'Hara et al. (13) have discovered the 
homology between the N-terminal extracellular region (resi- 
dues 1-496) (which we tentatively call region I) and the bac- 
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Fig, 6. Laununoainnity chromatography of the soluble 
mGluRlOS. Culture medium (2.5 liters) of High Five cells infected with 
recombinant virus for mGluRlOS was concentrated 50-fold and dialj^ed 
against Buffer C. The dialyzate was loaded on a HiTrap Affinity column 
(1 ml) that had been coupled with mGluRl-specific MAb mGlNa-1 and 
equihbrated with Buffer C. The column was washed with 30 ml of 
Buffer C, and the bound material was eluted with 500 mM NaCl con- 
taining 500 mw sodium thiocyanate and 10 mM Hepes, pH 7.5. A, 
indicated aliquots of the eluate were subjected to 7.5% SDS-PAGE and 
silver stained. S, identical samples were analyzed by Western blot with 
MAb mGlNa-1 as described in the legend to Fig. 2A. 



terial amino acid-binding proteins. They have constructed the 
molecular model of the glutamate binding site. The model has 
led them to point out the two critical amino acid residues, 
substitutions of which abolished f^H] glutamate binding. In the 
extracellular domain of mOluR, there is also a short stretch of 
the cysteine-rich sequence (region II) just proximal to the mem- 
brane-spanning domain. However, the ligand binding site has 
not yet been isolated as a soluble molecule. In this investiga- 
tion, we have succeeded in producing a soluble metabotropic 
glutamate receptor without the membrane-anchored domain 
and have provided compelling evidence that the soluble recep- 
tor consisting of the extracellular regions I and II is sufficient 
for conferring the affinity and selectivity of ligand binding 
characteristic of the mGluR. 

Extensive studies of structure-function relationships have 
been done in GPCRs, and different modes of agonist binding 
are known (30, 31). Monoamines and other small ligands, such 
as catecholamine and acetylcholine, are bound to the pockets 
formed within the transmembrane segments. In the receptors 
for neuropeptides or chemokines, a major binding site is located 
in the N-terminal segments of the receptors, with some contri- 
bution of the extracellular loops or the outer portions around 
the transmembrane segments. In receptors for large glycopro- 
tein hormones, such as luteinizing hormone and thyrotropin, a 
large extracellular domain is responsible for high affinity li- 
gand binding (32-35), but a low affmity site is located in the 
extracellular loops in luteinizing hormone receptor (36, 37). 
Although the role(s) of the extracellular loops and transmem- 
brane segments of mGluR remains to be determined in the 
present study, it should be pointed that the soluble form of 
mGluRl has a ligand affinity and specificity comparable to 
those of the full-size mOluRl. Thus, our results indicate that 
the ligand binding event is really dissociable from transmem- 
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Fig. 7. Gel filtration chromatography of the soluble 
mGluRlOS. Soluble mGluRlOS (64 ng) from the immunoaffinity col- 
umn (Fig. 6) was loaded onto a HiLoad 16/60 Superdex 200 gel filtration 
column (Amersham Pharmacia Biotech). The column was equilibrated 
and eluted with 10 mM Hepes, pH 7.5, containing 200 mM NaCl and 10% 
glycerol. 2.5 ml of each fraction was collected. The molecular masses of 
the marker proteins were blue dextran (>2000 kDa), bovine thyroglob" 
ulin (669 kDa), horse spleen apoferritin (443 kDa), sweet potato ^-am- 
ylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum 
albumin (66 kDa), and bovine erythrocytes carbonic anhydrase (29 
kDa). Aliquots (20 /il) of the indicated gel filtration fractions were 
subjected to 7.6% SDS-PAGE under the reducing conditions with 2% 
^-mercaptoethanol and under the nonredudng conditions, followed by 
silver staining. 



brane signaling in this receptor system. Pharmacological anal- 
yses with the conventional agonists and the newer ligands 
suggest that the soluble mGluR would be a reliable method for 
binding studies of future ligands that are expected to be 
developed. 

We have made and analyzed several truncated forms of 
soluble mGluRl, which encode parts of the extracellular do- 
main of mGluRl. The IC50 value of quisqualate for mGluRlOS 
is remarkably similar to those of the full-length membrane- 
anchored form of the receptor. The agonist selectivity examined 
also constitutes a typical feature of mGluRl. These results 
indicate that the secreted extracellular domain forms a correct 
conformation for ligand binding. The soluble form of mGluRl 
shows a dimerized form. A similar dimerization has been re- 
ported for several members of the conventional GPCRs, and 
this dimerization is ascribed to the molecular association in the 
transmembrane domains of these receptors (38, 39). In addi- 
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Fig. 8. Dose-response ciirves of various agonists in inhibiting 
[^Hjquisqualate binding to the purified soluble mGluRlOS. Pu* 

rifled mGluRlOS (1 ng) from a gel exclusion chromatography (Superdex 
200) as described in the legend to Fig. 7. was mixed with Ni^^-conju- 
gated beads. Then, the indicated concentrations of quisqualate (open 
circles), L-glutamate (closed circles), (lS,3i?)-ACPD (open squares) and 
ibotenate (closed squares), each with the addition of [^H]quisqualate, 
were incubated in the reaction mixture. Ligand binding was assayed as 
described under "Experimental Procedures." Binding counts obtained 
without any agonist were 2967 ± 69 dpm. Each point shows the mean ± 
S.E. of three experiments done in tripUcate. 



tion, Romano et ai (40) have reported that the truncated form 
of mGluRS containing the first transmembrane segment forms 
a dimer. They demonstrated that an N-terminal 17-kDa region 
is required for dimerization. Our observation that mGluR103 
dimerized is consistent with theirs. However, the truncated 
forms of the receptor, mGluR103 and mGluRlO?, which con- 
tain only region I, do not express well, and they show no 
significant ligand binding. Furthermore, mGluRlOS, which 
contains both region I and region II, expresses well and binds 
the ligand. This cysteine-rich region II of mGluR may thus 
impose a structural constraint on the receptor protein. A less 
likely possibility is that the ligand binding site might be com- 
posed of the two regions. In this context, the GABA3 receptor 
(41), although belonging to the mGluR family with a large 
extracellular domain and a low but significant sequence homol- 
ogy to region I of mGluR, does not possess a region homologous 
to the cysteine-rich region II of mGluR. Furthermore, such a 
cysteine-rich region is absent in bacterial periplasmic amino 
acid-binding proteins. Thus, the real role of the cysteine-rich 
region II of mGluR remains an open question. 

The bacterial periplasmic binding proteins serve as initial 
receptors of active transport for a variety of amino acids, sug- 
ars, peptides, oxyanions, and other nutrients. Although the 
binding proteins have different sizes (20-60 kDa) and share 
little sequence homology, they all fold a similar two-lobed ter- 
tiary structure. Atomic structures of the binding proteins have 
been analyzed by Quiocho and co-workers (42) and other 
groups (43) using crystallography. On the basis of the compar- 
ison between ligand-bound and ligand-free forms, the "Venus 
flytrap" model has been proposed (44): the ligand binds prefer- 
entially to one lobe of the open, ligand-unloaded form. A bend- 
ing motion at the hinge region between the two lobes in turn 
causes the other lobe to participate in binding and completely 
entrap the ligand. The closed, ligand-loaded form of the binding 
protein then interacts with membrane-bound components, 
thereby initiating nutrient translocation or flagella motion. 



Therefore, it should give us insights into the receptor activation 
mechanism of mGluR to reveal the three-dimensional structure 
of the mammalian glutamate receptor and determine whether 
a domain movement similar to that of the bacterial binding 
protein is produced upon ligand binding in mGluR. We specu- 
late that glutamate induces a conformational change of the 
preexisting dimer or oligomer of glutamate receptor and trig- 
gers the signal transmission to the cytoplasmic signaling do- 
main through the cysteine-rich region and the seven-trans- 
membrane domain. The soluble form of mGluRl produced in a 
sufficient amount will make it possible to conduct the biophys- 
ical analysis of mGluRl. 
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Previously, we produced the whole extracellular re- 
gion of metabotropic glutamate receptor subtype 1 
(mGluRl) in a soluble form. The soluble receptor re- 
tained a ligand afHnity comparable with, that of the full- 
length membrane-bound receptor and formed a disul- 
fide-linked dimer. Here, we have identified a cysteine 
residue responsible for the intermolecular disulfide 
bond and determined domain organization of the extra- 
cellular region of mGluRl. A mutant, C140A, was a mon- 
omer under nonreduced conditions by SDS-polyacryl- 
amide gel electrophoresis; however, C140A was eluted at 
the position similar to that of mGluRllS, the wild type 
soluble receptor, by size exclusion column chromatog- 
raphy. Furthermore, C140A bound a ligand, [^Hjquis- 
qualate, with an affinity similar to that obtained by 
mGluRllS. Oocytes ii^ected with RNA for full-length 
mGluRl containing C140A mutation showed responses 
to ligands at magnitudes similar to those with wild type 
full-length RNA. Thus, elimination of the disulfide link- 
age did not perturb the dimer formation and ligand 
signaling, suggesting that cryptic dimer interface(s) 
possibly exist in mGluRl. Limited proteolysis of the 
whole extracellular fragment (residue 33-592) revealed 
two trypsin-sensitive sites, after the residues Arg^®* and 
Arg®**. A 15-kDa NHs-terminal proteolytic fragment (res- 
idue 33-139) was associated with the downstream part 
after the digestion. Arg^^* was located before a cysteine- 
rich stretch preceding the transmembrane region. A 
new shorter soluble receptor (residue 33-522) lacking 
the cysteine-rich region was designed based on the pro- 
tease-sensitive boundary. The purified receptor protein 
gave a value of 58.1 ± 0.84 nM, which is compatible to 
a reported value of the full-length receptor. The 
value was 7.06 ± 0.82 nmol/mg of protein. These results 
indicated that the ligand-binding specificity of mGluRl 
is confined to the NHs-terminal 490-amino acid region of 
the mature protein. 



L-Glutamate is a major neurotransmitter of excitatory syn- 
apses in mammalian brains. Metabotropic glutamate receptors 
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(mGluRs)^ are thought to modulate synaptic neurotransmis- 
sion (1). Eight subtypes of mGluRs and the calcium sensing 
receptor (CaR) (2) share amino acid sequence homology. 
mGluRs possess seven transmembrane segments and are con- 
sidered to be G protein-coupled receptors (GPCRs), mGluRs 
contain a large extracellular region (~600 amino acids) in 
contrast to ordinary GPCRs. The NHj-terminal extracellular 
regions have amino acid sequence similarity (3) to that of 
leucine/isoleucine/valine-binding protein (LIVBP) (4), one of 
the bacterial periplasmic binding proteins. The LIVBP-like 
region is followed by a cysteine-rich region that precedes the 
first transmembrane segment. LIVBP-like regions are also 
found in the GABA^ receptor (5), the putative pheromone re- 
ceptor (6, 7). The cysteine-rich region is not shared by the 
bacterial binding proteins and tlie GABAg receptor. These re- 
ceptor proteins, which contain a large extracelliilar region sim- 
ilar to that of mGluR, have been designated as family 3 GPCR 
(8). Thus, structural resemblance among the family 3 receptors 
has been predicted. 

Previously, we were able to express the whole extracellular 
region of mGluRl in a soluble form (9). The receptor protein 
secreted into the culture medium retained the ligand binding 
affinity and selectivity comparable with those of the full-length 
membrane bound receptor. Interestingly, the soluble receptor 
of mGluRl was a cysteine-linked dimer. Dimer or oligomer 
forms of other subtypes of mGluRs, mGluR5 (10) and mGluR4 
(11), or of CaR (12, 13) have been also reported. However, the 
precise mechanism of ligand binding to the mGluR is unknown. 
It is still unclear whether glutamate binds to mGluRs in an 
analogous way to the venus flytrap model proposed in the 
bacterial binding proteins (14), whereby the ligand bound to 
one lobe is trapped to another lobe by the bending motion of the 
hinge region. Role(s) of dimerization of mGluRl in ligand bind- 
ing and signal transmission remain to be elucidated. 

The significance of dimerization in signal transduction of 
single-span transmembrane receptors for growth factors or cy- 
tokines has been studied extensively (15). The main focus is on 
whether structural details of extracellular regions have an 
influence on intracellular signaling (16, 17). For GPCRs, het- 
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ero- or homodimer formation has been reported in a few cases 
such as some subtypes of dopamine receptors (18), ^a-^idrener- 
gic receptor (19), and muscarinic acetylcholine receptors (20). 
Domain swapping among transmembrane segments has been 
proposed to be a causative factor in self-association of adrener- 
gic receptors (21). Technical difficulties have been accompanied 
with those studies because of seven hydrophobic transmem- 
brane segments. However, more convincing evidence has re- 
cently emerged of dimer formation in GPCRs. A heterodimeric 
opioid receptor dimer with an affinity and ligand selectivity 
different from those of the homodimer has been reported (22). 
Dimerization in the intracellular region is also reported to be 
essential for functional expression of the GABAg heterodimer 
receptor (23-25). These results suggest a possibility that 
dimerization of GPCR is not a rare phenomenon but rather a 
common occurrence. 

In this study, with the advantage of purified dimerized ma- 
terial, we have determined a cysteine residue responsible for 
the intermolecular disulfide bonding by amino acid point mu- 
tation. Effects of disruption of the disulfide bond on ligand 
binding and signaling were examined. The existence of a cryp- 
tic dimer interface in mGluR is discussed. In order to delineate 
ligand binding core of mGluRl, we furthermore defined the 
domain organization of the extracellular region by proteolysis 
experiments. The new recombinant virus, designed according 
to the protease-sensitive boundary, produced the shorter solu- 
ble receptor lacking the cysteine-rich region. We have deter- 
mined a ligand-binding constant and a maximal binding value 
of this soluble receptor that consists solely of the LIVBP-like 
domain in comparison with that of the soluble receptor encom- 
passing the whole extracellular domain. 

EXPERIMENTAL PROCEDURES 
Materta/5->L-Quisqualic acid was purchased from Tocris Cookson 
Ltd. (Langford Bristol, United Kingdom). L-Glutamic acid monosodium 
salt was purchased from Nakalai tesque, Inc. (Kyoto, Japan). Linear 
gradient polyacrylamide gels were Multigel, obtained from Daiichi Pure 
Chemicals (Tokyo, Japan). Ethylene glycol bis(succinimidylsuccinate) 
(EOS) was obtained from Pierce. JV-cyclohexyl-3-aminopropanesulfonic 
acid (CAPS) and phenylmethylsulfonyl fluoride (PMSF) were pur- 
chased from Wako Pure Chemical Industries (Osaka, Japan). Type XI 
trypsin, diphenyl carbamyl chloride-treated, from bovine pancreas, was 
obtained from Sigma Aldrich. All other reagents were of analytical 
grade. 

Cell Culture and Isolation of Recombinant Viruses — Spodoptera fru- 
giperdxi (Sf9) cells were propagated in a monolayer at 27 *C in TNM-FH 
(Grace's powder medium, 0.3% yeastolate, 0.3% lactalbumin hydroly- 
zate, 0.1% pluronic F-68; Life Technologies, Inc.), supplemented with 
10% (vAr) heat-inactivated fetal bovine serum (Life Technologies, Inc.) 
or in suspension at 27 "C in IPL-41 (Life Technologies, Inc.) supple- 
mented with 10% (v/v) heat-inactivated fetal bovine serum, 0.3% 
tryptose phosphate (Life Technologies, Inc.), and 0.1% pluronic F-68. 
100 units/ml penicillin, 100 ixg/m\ streptomycin, and 250 ng^ml ampho- 
tericin B were used. Trichoplusia ni BTI-TN-5B1-4 (High Five) cells 
were cultured in a monolayer at 27 "C in Express Five™ serum -free 
medium (life Technologies, Inc.) supplemented with 18 mM L-gluta- 
mine. Recombinant baculoviruses were generated by co-transfecting 
Sf9 insect cells with 1 fjug of plasmid DNA and 0.1 /ig of BaculoGold 
baculovirus DNA (PharMingen) with Lipofectin reagent (Life Technol- 
ogies, Inc.). After 6 days of incubation, the supernatant was harvested. 
The virus in the supernatant was titrated, and individual plaques were 
isolated. Virus stocks were prepared in monolayer or suspension cul- 
tures of Sf9 cells. Baculovirus infection was performed as described 
previously (9). Briefly, after being infected with baculoviruses for solu- 
ble receptors, High Five cells were incubated for 4 or 5 days. 

Construction of Transfer Vectors for Expression ofmGluRs in Insect 
Ce/Zs— Both transfer vectors, pVLmGluRll3 and pVLmGluRll4, were 
constructed from pmGluRlOS (9). pVLmGluRllS was made as follows. 
A set of complementary oligonucleotides, HJllO (5'-CACAGGCTGTG- 
AGCCCATTCCTGTCCGTTATCTTGAGTGGAGTGACATAGAATAGT- 
GAT-3') and HJlll (5'-CTAGATCACTATTCTATGTCACTCCACTCA- 
AGATAACGGACAGGAATGGGCTCACAGCCTGTGAGCT-3'), were 
annealed and cloned into the Sacl/X6al -digested fragment of pmGlu- 



RlOS. pVLmGluRll4 was made as follows. Polymerase chain reaction 
(PGR) was done with primers TOl <5'-CATCAATGCCATCTATGCCA- 
TGGC-3') and HJ112 (5'-TCTAGATTACTAAGATCGTACCATTCCGC- 
TTTTGTTC-3') using pmGluRlOS as a template. TOl contains an Ncol 
site. HJ112 contains an Xbal siU. The PGR product was digested with 
iVcoI and Xbal and was cloned into the NcoWOxil-dig6sted fragment of 
pmGluRlOS. Transfer verctors for mutant receptors were made as 
follows. Mutants in the wild type background are denoted with the 
number of the residue and amino add substituted. A B^ZII-Ji^I frag- 
ment was cut out of pVLmGluRll4 and hgated into BomHI/Xfeal- 
digested pKF19k (Takara). With this plasmid as a template, PGR was 
performed with selection primer and each of primers C67A (5'-GATC- 
TCCCCAGK:CTTCCTTTCG.3'), C109A (S'-AGAGTGCCAGGGGGAGT- 
CCCGG-3') and C140A (5'-ATCAGGCAGGGCTCGGTTCAGC-30. Fol- 
lowing the protocol of Mutan-Super Express Km kit (Takara), the 
plasmids pKFC67A, pKFCl09A, and pKFl40A, which contain the mu- 
tated sequences, were obtained. 391-bp NothEcoRl fragments of 
pKFC67A and pKFCl09A and a 390-bp ^coRI-Aafl fragment were 
ligated into the NotVEcoKl'digested pVLmGluR113 and EcoRUAatl- 
digested pVLmGluRllS, yielding pVLmGluRll3C67A, pVLmGluR- 
113C109A, and pVLmGluRll3Cl40A. All the PGR products were fiUly 
sequenced. These transfer vectors were used for transfection to insect 
cells with BaculoGold baculovirus DNA. 

/fninuno6torting^— Essentially the same as described previously (9). 
Culture medium was separated by SDS-polyacrylamide gel electro- 
phoresis (PAGE) and electroblotted onto a nitrocellulose membrane 
(Schleicher & Schuell). mGluRs were identified by using the monoclonal 
antibody (mAb) mGlNa-1 (9, 26, 27) and anti-(mouse IgG)<oiyugated 
alkaline phosphatase (Promega). Color development was done by a 
commercial detection kit (Promega). - 

Native PAG^E— Samples were analyzed by 2-15% or 4-20% linear 
gradient polyacrylamide gels not containing SDS in tlie gel matrix. SDS 
was not included in either the running buffer or the sample buffer. Gels 
were silver-stained. Molecular weight standards were from Daiichi 
Pure Chemicals. 

Purification of the Soluble Receptors — ^A conditioned medium of re- 
ceptor-producing High Five cells was concentrated to 10-50 fold in the 
presence of protease inhibitor mixtures (1 mM PMSF, 5 fig/m\ leupeptin, 
10 tig/ml benzamidine, 10 ;ig/ml trypsin inhibitor, and 1 >ig/ml aproti- 
nin) and washed by 40 mM 2- I4-(2-hydroxyethyl)-l-piperazinyl] ethane- 
sulfonic acid (Hepes) (pH 7.5) containing 10% glycerol, 1 M NaCl, and 
the protease inhibitor mixtures. Concentrated material was centrifuged 
at 15, 000 rpm for 20 min, filtrated by a 0.22- /im filter, and loaded on an 
immunoaffinity column, which was conjugated with mAb mGlNa-1 as 
described previously (9). The column was washed by 30 ml of 10 mM 
Hepes, pH 7.5, containing 200 mM NaCl, and the bound material was 
eluted with 100 mM CAPS, pH 11, containing 200 mM NaCl. Eluate was 
neutralized with 2 M Hepes, pH 7.5. Aliquots of the eluate were ana- 
lyzed by SDS-PAGE followed by immunoblotting. Positively stained 
fractions were pooled and analyzed by ligand binding assay. The pooled 
fraction was then further purified by ion exchange column chromatog- 
raphy. After being diluted five times with 10 mM Hepes, pH 7.5, the 
sample was applied on Resource Q (Amersham Pharmacia Biotech) 
fitted to AKTA Explorer lOS (Amersham Pharmacia Biotech) equili- 
brated with 10 mw Hepes, pH 7.5, and eluted by NaCl at a gradient 
from 0 to 1.2 M. In order to compare the gel filtration pattern of 
mGluRllS with that of its cysteine mutant, aliquots of the immunoaf- 
finity column eluate were loaded on a HiLoad 16/60 Superdex 200pg 
(Amersham Pharmacia Biotech) equilibrated with 10 mM Hepes, pH 
7.5, containing 200 mM NaCl and 10% glycerol, by high performance 
Uquid chromatography (Waters 626LC). The flow rate was 0.5 mVmin, 
and fractions of 5 ml each were collected. 

Ligand Binding — Ligand binding was performed with the polyethyl- 
ene glycol (PEG) precipitation method as described previously (28). 
Briefly, 20 or 40 mi pHJquisqualate (323 GBq/mmol) (a gift fi^m Banyu 
Tsukuba Research Institute) and soluble receptor samples were mixed 
in 150 /il of a binding buffer (40 mM Hepes, pH 7.5, containing 2.5 mM 
CaClg) at 4 'C for 1 h. After the binding reaction, 6-kDa PEG was added 
to the sample at the concentration of 15% with 3 mg/ml of 7 globulin. 
Precipitated material was washed twice with 1 ml of 8% 6-kDa PEG and 
dissolved in 1 ml of water. After addition of 14 ml of Scintisol EX-H 
(Wako Pure Chemical Industries), the radioactivity was counted in the 
scintillation counter. Binding data was analyzed by the software of 
Prism II (Graphpad Software, San Diego, CA). Saturation binding 
curves were fitted to a one-site binding model, and and S„„ values 
were calculated. 

Expression of mGluRs in Oocytes and Electrophysiology-^A 777-bp 
SacU'Aatl fragment of pKFCl40A, a 3.2-kbp AatlSacll fragment of 



28146 



Mutagenesis and Proteolysis in mGluRl Extracellular Region 



pmGRl (29), and a 3.7-kbp SacW-SacW fragment of pmGRl were li- 
gated. The resulting plasmid, pmGRlCl40A, and pmGRl were used as 
templates for in vitro transcription to yield complementary RNA 
(cRNAs). The plasmid DNA was linearized by Notl, and capped cRNA 
was synthesized with MEGAscript T7 kit (Ambion, Austin, TX). Xeno- 
pus IcLevis oocytes were prepared according to the standard procedure. 
The follicular cell layer was removed by treatment with Ca*^ -free ND 
solution (96 mM NaCl, 2 mM KCl, 1 mM CaCla, 1 mu MgClg, and 5 mM 
Hepes, pH 7.6) containing 100 /ig/100 ml of collagenase-B (Yakuruto, 
Tokyo, Japan) for 1.5 h at 18 **C. The oocytes were then injected with 10 
ng of cRNAs. The injected oocytes were incubated in ND solution for 1-2 
days. A two-electrode voltage clamp system was used to measure glu- 
tamate- and quisqualate-induced chloride ion currents. The membrane 
potential was held at -60 mV in all measurements. All currents were 
filtered at 1 kHz, and data were stored and analyzed using MacLab 
system (Bio-Research-Center, Nagoya, Japan). All measurements were 
conducted at room temperature. 

Cross-linking Procedure— The cross-linker, EGS, was dissolved at 
20 mM in dimethyl sulfoxide and diluted into the protein solution to 
give the final concentration of 1 mM. The reaction proceeding at 25 "C 
for 30 min was stopped by the addition of Tris-HCl bufTer from a 1 m 
stock solution at pH 7.5, and a further incubation was conducted at 
25 "C for 15 min. The cross-linked material was analyzed by 4-20% 
SDS-PAGE and silver-stained (Wako Pure Chemical Industries). 

Trypsin Digestion and Protein Sequencing — Purified protein was 
digested in 10 mM Hepes, pH 7.5, with different concentrations of 
trypsin. Reaction was stopped with 0.01 mM PMSF and sample buffer. 
. Aliquot was not heated and was subjected to SDS-PAGE. The gel was 
electroblotted onto a polyvinylidene difluoride membrane (Trans-Blot 
transfer medium, Bio-Rad), stained with Coomassie Brilliant Blue 
R250 (PAGE Blue83, Daiichi Pure Chemicals), and destained with 20% 
methanol. The protein bands were excised and subjected to automated 
Edman degradation by an Applied Biosystems Procise model 492 pro- 
tein sequencer. 

Low Angle Rotary Shadowing— The purified mGluRs in 50 mM 
Hepes, pH 7.6, was equilibrated with glycerol (up to 50% (vA^)). Final 
concentration of the protein was 50 tig/m\ each. 50 >a1 of the sample was 
sprayed onto mica surface cleaved freshly by using a painter's airbrush 
(Olympus model SP-B, f 0.18 mm). Then, the sample on the mica was 
rapidly brought into a freeze-etching device equipped with a large turbo 
pump <FR 7000, Hitachi, Mito, Japan), dried for 10 min (room temper- 
ature) in vacuum (1 X 10"^ pascals), and then cooled down to -100 "C. 
Subsequently, specimens were rotary shadowed with platinum by an 
electron gun positioned at an angle of 2.5° to the mica surface and 
followed by carbon evaporation. Shadowed films were removed from the 
mica by slowly soaking the mica into water, -mounted on copper grids 
and examined under a Jeol lOOCX electron microscope (Jeol Co., Ltd., 
Tokyo). 

RESULTS 

Fig. 1 shows a schematic view of the transfer vectors, pVLm- 
GI11RII3, pVLmGluR113C67A, pVLmGluRllSClOSA, pVLm- 
GluR113Cl40A, and pVLmGluR114, used for making the 
recombinant viruses for mGluRll3, mGluR113C67A, mGlu- 
R113C109A, mGluR113Cl40A, and mGluR114. pVLmGlu- 
R113 encodes complementary DNA (cDNA) corresponding to 
the region Met^-Glu^^^ of the primary amino acid sequence of 
mGluRl. pVLmGluR114 encodes cDNA corresponding to the 
region Met^-Ser^^. pmGluRlOS that was used in our previ- 
ous study (9) encoded the amino acid region identical with 
that of pVLmGluR113 and six histidine codons at its COOH 
terminus. In this study, a His tag sequence of pmGluRlOS 
was omitted in pVLmGluR113. Recombinant viruses for the 
receptors were prepared as described under "Experimental 
Procedures." 

mGluRllS encodes the whole extracellular region of mGluRl. 
Amino acid mutation was introduced at the first three consec- 
utive cysteine residues (Cys®'', Cys^°^, and Cys^*°). The mutant 
receptor proteins were designated C67A, C109A, and C140A. 
Concentrated culture medium of insect cells infected with the 
recombinant viruses for cysteine mutants as well as for 
mGluRllS was subjected to SDS-PAGE and analyzed by im- 
munoblotting (Fig. 2A). In the presence of 20 mM DTT 
(left panel), the three mutants were detected as approximate 
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Fig. 1. Schematic diagram of the expression construct of the 
transfer vectors in insect cells. FulMength wild type mGluRl was 
presented as a diagram according to its primary amino acid sequence 
deduced from mGluRlcDNA (29). The numerical positions of amino acid 
residues of mGluRl are indicated. Functional regions are boxed. Inserts 
of transfer vectors, pVLmGluRllS and pVLmGluRll4, used in this 
study are presented according to the primary sequence of mGluRl. Open 
triangles indicate cysteine residues within the extracellular region of 
mGluRl. pVLmGluR113 encodes cDNA corresponding to the entire ex- 
tracellular region consisting of a signal sequence, an LIVBF-like region, 
and a cysteine-rich region. mGluRH3C67A, mGluR113Cl09A, and 
mGluRll3Cl40A are cysteine to alanine mutants at residues 67, 109, 
and 140, respectively. pVLmGluR114 is devoid of the sequence corre- 
sponding to COOH-terminal 70 amino acids out of pVLmGluRll3. 
Notl'Xbal fragments were ligated into pVLl392. 
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Fig. 2. Effect of cysteine to alanine point mutation on dimer- 
ization. A, immunoblotting of culture medium of insect cells infected 
with the recombinant viruses for mGluR113, C67A^ C109A, and 0140 A 
Samples were run either in the presence of 20 mM dithiothreitol (D7T+) 
or under nonreduced conditions {DTT-) on a 7.5% SDS-polyacrylamide 
gel. Marker proteins are myosin heavy chain (200.0 kDa), phosphoryl- 
ase B (97.4 kDa), bovine serum albumin (68.0 kDa), and ovalbumin 
(43.0 kDa). B, analysis of purified mGluRllS and C140A by SDS-PAGE 
and native-PAGE. Purified mGluRll3 and C140A (125 ng, respectively) 
from the immunoaflfinity columns were run either in the presence of 
20 mM DTT (DTT+) or under nonreduced conditions (DTT-) on 7.5% 
SDS-polyacrylamide gels. Purified mGluRllS (250 ng) and C140A 
(750 ng) from the immunoaffinity columns were run on 2-15% native- 
polyacrylamide gels (Native). Gels were silver-stained. 



65-kDa bands. Under nonreduced conditions (right panel), 
C67A and C109A was electrophoresed at around 130-kDa 
bands; however, C140A was electrophoresed much faster with 
a position corresponding to the monomer band. The sizes of 
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Fig. 3. Size exclusion column chromatography of mGluRllS 
and C140A. 100 ixg of mGluRllS and C140A from the immunoaffinity 
columns were loaded onto Hiload 16/60 Superdex gel filtration columns 
(Amersham Pharmacia Biotech). The columns were equilibrated and 
eluted with 10 mM Hepes, pH 7.5, containing 200 mM NaCl and 10% 
glycerol. 5 ml of each fraction was collected. Aliquots (50 of the 
indicated gel filtration fractions were subjected to 7.5% SDS-PAGE 
under reduced conditions with 20 mM DTT, followed by immunoblot- 
ting. The vertical arrows indicate the positions of the marker proteins. 
The molecular masses of the marker proteins were horse spleen ferritin 
(450 kDa), rabbit muscle aldolase (158 kDa), and bovine serum albumin 
(68 kDa). 



C67A and C109A appeared significantly different from that of 
mGluRllS, suggesting a conformational change. These results 
clearly showed that alanine mutation at Cys^'*° eliminated the 
intermolecular disulfide bonding. 

Next we compared ligand binding capacities between C140A 
and mGluRllS. As concentrated culture medium of insect cells 
infected with the viruses for C140A showed ligand binding 
capacity comparable to that of mGluRllS (data not shown), we 
next purified C140A by an immunoaffinity column as described 
under "Experimental Procedures," Although the purified 
C140A sample showed a band equal to that of mGluR113 imder 
reduced conditions (Fig. 2B, left panel), C140A migrated much 
faster than mGluRllS under ndnreduced conditions {center 
panel). Surprisingly, this mutated receptor migrated as a 
dimer on native-polyacrylamide gels as did mGluRllS {right 
panel). We also observed a small amount of larger oligomers of 
C140A. These data indicated that mutation at Cys^^ elimi- 
nated disulfide bonding in the extracellular portion of mGluRl, 
but the extracellular portion of the C140A receptor folded in a 
manner that maintained noncovalent dimerization of the re- 
ceptor molecule. To reinforce this result, C140A was subjected 
to gel filtration column chromatography in parallel with 
mGluRllS (Fig. 3). Calibration with molecular size markers 
showed the eluting position of mGluRllS to be aroimd 185 kDa 
and that of C140A to be around 150 kDa. Both receptors were 
definitely larger than a monomer and seemed to be a dimer or 
a larger oligomer. 

The ligand binding ability of C140A was quantitatively ex- 
amined by comparing the inhibition of [^H] quisqualate binding 
to the purified C140A and mGliiRllS with unlabeled gluta- 
mate and quisqualate (Fig. 4A). Both receptors did not make a 
great difference in dose-response oirves of unlabeled gluta- 
mate and quisqualate. These data indicated that there was no 
great difference between mGluRllS and C140A in affinities to 
glutamate and quisqualate. We next examined the importance 
of the disulfide linkage in signal transmission of mGluRl using 
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Fig. 4. Dose-response curves of glutamate and quisqualate in 
inhibiting [^Hlquisqualate binding to the purified mGluRllS 
and C140A (A) and electrophysiology of oocytes ix^jected with 
RNAs for the mutant mGluRl containing Ala**** mutation and 
for wild type mGluRl (JB). A, indicated concentrations of quisqualate 
{right panel) and glutamate {left panel) with 40 nM [^Hl quisqualate 
were incubated with C140A (1.5 jag) and mGluRllS (0.5 /xg) from the 
immunoaffinity column. Closed circles indicate C140A Open circles 
indicate mGluRll3. Each point shows the mean ± S.E. of a represent- 
ative one of three experiments done in triplicate. The displacement 
curves were obtained by sigmoidal fitting with Prism II (Graphpad 
Software, San Diego, CA). B, X. laevis oocytes were injected with 10 ng 
of in vitro transcribed cRNA as described under "Experimental Proce- 
dures.** 24-48 h after the injection, holding potential was set at -60 mV 
and current was measured with stimulation of ligands, glutamate {left 
panel) and quisqualate {right panel). Each point shows mean ± S.E. of 
a representative one of two experiments done in quadruplicate. Closed 
circles indicate mGluRl containing Ala^^ mutation. Open circles indi- 
cate wild type mGluRl. 



the oocyte expression system (Fig. 4fi). A messenger RNA 
(mRNA), which encodes a fiill-length of mGluRl whose Cys^*° 
was mutated to alanine, was created. Oocjrtes injected with the 
mutated mGluRlmRNA as well as the wild type mGluRl- 
mRNA were stimulated with ligands, glutamate and quisqual- 
ate. The magnitude of the chloride currents induced by both 
ligands of oocytes injected with mutant RNA increased dose- 
dependency. At each ligand concentration, the current re- 
sponse of mutant mGluRl was comparable with that of wild 
type .mGluRl. This result indicated that C140A mutation in a 
full-length receptor did not alter the affinity to the ligands or 
the ability to couple to intracellular signaling cascades. 

Next, in order to understand the domain organization of the 
mGluRl extracellular region, we determined the NHg-terminal 
amino acid sequence of soluble receptor protein, mGluRllS, 
that was generated by removal of a signal peptide and found 
that mGluRllS began with residue Ser^^. Proteinase digestion 
was then performed using the purified mGluRllS (Fig. 5, A 
and JB). Limited proteolysis of mGluRllS by trypsin gave rise to 
at least five major bands. Each of these bands (designated as 
firagments 1-5) were excised from a polyvinylidene difluoride 
blot and sequenced at the NHj-terminal end by Edman degra- 
dation. The NHa-terminal amino acid sequence of the 15-kDa 
band (fragment 4) was identical with that of mGluRllS. NHg- 
terminal sequencing of the 50-kDa band (fi-agment 2) revealed 
that the digestion site was Arg^^^ before (C)^^°LPDG. Thus, the 
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Fig. 5. Trypsin digestion (A) and proteoljrtic cleavage map- 
ping (B) of the soluble mGluRll3. A, 13.6 fxg of immunoaffinity- 
purified mGluRllS was digested with the indicated ratio (w/w) of 
trypsin at 25 °C for 1 h, loaded on a 15-25% gradient gel and Coom- 
assie-stained. Proteolytic fragments were labeled 1-^, NHg-terminal 
sequences of inGluRllS and the five tryptic fragments were determined 
as described under "Experimental Procedures." B, the five fragments, 
i-5, are located relative to the primary amino acid sequence of mGIuRl. 
NHj-terminal sequences of mGluRllS and the fragments are shown. 
The vertical arrows indicate the tiypsin cleavage sites. 

15-kDa fragment 4 was residues 33-139 and the 50-kDa frag- 
ment 2 was residues 140-592. The NHg -terminal sequence of 
an 8-kDa band (fragment 5), which was faintly observed by 
limited digestion without DTT but was clearly visible in the 
lanes of samples digested in the presence of 1 mu DTT, dis- 
closed the other tzypsin-sensitive site, Arg*^^^ before 
S^^^COSE. Thus, the 8-kDa fragment 5 was residues 522- 
592. A 42-kDa band (fragment 3) corresponded to residues 
140-521. A 57-kDa band (fragment 1) was the intermediate 
that resulted from initial digestion at Arg^^\ The site Arg^^^ 
seemed to be more accessible in the presence of DTT. Although 
mass spectroscopic analysis or amino acid content calciilation 
is needed for strict identification of each band, we summarized 
our interpretation of the results (Fig. 5B) and proceeded to the 
next experiments. 

We examined the ligand binding capacity of trypsinized 
mGluRllS. Surprisingly, trypsin digestion, at up to a ratio of 
1/10, which is larger than that used in Fig. 5, did not abolish 
ligand binding capacity of mGluR113, as shown in Fig. 6A. 
Trypsinized mGluR113 did show pH] quisqualate binding com- 
parable to that of undigested mGluRllS. In order to know 
whether or not the 15-kDa NHg-terminal fragment (residue 
33-139) is required for ligand binding, the trypsinized sample 
was loaded on a native poly acryl amide gel that did not contain 
SDS in the gel matrix (Fig. 6B). The trypsinized mGluRllS was 
electrophoresed at a very close position to that of the undi- 
gested mGluR113. To prove that the NHg-terminal fragment is 
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Fig. 6. Ligand binding (A), native PAGE analysis (B), and 
chemical cross-linking (O of trypsinized mGluAllS. A, 11.3 /ig of 
mGluRll3 purified with an immunoaffinity column was digested with 
1.1 trypsin at 25 *C for 1 h. After addition of 1 mM PMSF for quench, 
aliquot containing 0.86 /ig of trypsin-digested mGluR113 were incu* 
bated in the binding buffer (40 mM Hepes, pH 7.5, and 2.5 mM CaClj) 
with 20 nM f*H] quisqualate at 4 'C for 1 h. Undigested mGluRll3 was 
assayed as a control. Nonspecific binding was measured in the presence 
of 1 mM glutamate. B, tiTpsin-digested mGluRllS was analyzed by 
native PAGE. 0.75 fig of mGluRllS purified with an immunoaffinity 
column was digested with 0.075 /ig of trypsin at 25 *C for 1 h. After 
addition of 1 mM PMSF and sample buffer without SDS, the digested 
sample was loaded onto a 4-20% native gradient gel and silver-stained. 
Control sample treated without trypsin was electrophoresed in parallel. 
C, cross-linking study of trypsinized mGluR113. Immunoaffinity-puri- 
fied mGluRllS was digested with 10% (w/w) trypsin at 25 for 16 h 
(lane 2). Half of the reaction mixture was cross-linked with 1 mM EGS 
{lane 4). 0.75 ^g of protein was loaded on each lane of a 4-20% SDS 
gradient gel under reduced conditions. The undigested samples without 
cross-linking (lane 1) and with cross-linking (lane 3) underwent with 
the same procedure in parallel. The asterisk indicates cross-linked 
material. 

attached to the remaining fragment, we performed a cross- 
linking experiment (Fig. 6C). First, mGluR113 was digested by 
trypsin, and an aliquot of the reaction mixture was stored in 
SDS sample buffer. The remaining trypsinized mGluRllS was 
cross-linked with EGS and analyzed with the non-cross-linked 
sample by SDS-FAGE under the reduced condition. The pro- 
teol)d;ic fragments, 2 and 4, were detected in lane 2 of 
trypsinized sample. The cross-linked trypsinized mGluR113 
(lane 4) was electrophoresed at a position (asterisk) similar to 
that of cross-linked undigested mGluRllS (lane 3). These re- 
sults led us to conclude that the NHg-terminal 15-kDa frag- 
ment was associated with the remaining fragment after trypsin 
cleavage at Arg-Cys bond after residue 139. Thus, on the basis 
of the trypsin-sensitive site, Arg^^\ we designed a new con- 
struct, pVLmGluR114, which encodes cDNA corresponding to 
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Fig. 7. Immunoblotting analysis (A) and Coomassie staining of 
piirified mGIuRllS and mGluR114 (B). A, 20 ^il of culture medium 
of High Five cells infected with baculoviruses for mGluR113 and 
mGluR114 were loaded on 10% SDS-polyacrylamide gels under nonre- 
duced conditions (left panel) and reduced conditions {right panel). Pro- 
teins were transferred onto the nitrocellulose membrane and probed 
with mAb mGlNa-1. B, mGluRll3 (4 pig) and mGluR114 (6 /ig) purified 
by Resource Q as described under "Experimental Procedures" were 
loaded on 10-20% SDS-polyacrylamide gels and Coomassie-stained. 

the region Met^-Ser^^^, as shown in Fig. 1. 

Fig. 7A shows the immunoblot of the supernatant of the 
insect (High Five) cells infected with the recombinant viruses 
for the new shorter soluble receptor protein, mGluR114, as well 
as for mGluRllS, mGluR114 and mOluRllS were detected by 
mAb mOlNa-l as a 57-kDa band and a 65-kDa band under 
reduced conditions (right panel). Under nonreduced conditions 
(left panel), both soluble receptors seemed to be a dimer or 
oligomer. The levels of expression of the two soluble receptors 
looked compatible. This result is in contrast to our previous 
study (9), in which recombinant virus derived from pmGluRlOS 
that encoded cDNA corresponding to the region Met^-Glu"*^^ of 
mGluRl did not efficiently produce the soluble receptor pro- 
tein, mGluRlOS. The COOH-terminal 30 amino acids of 
mGluR114 may be involved in a secondary structure and con- 
tribute to protein stabiHty. Next, to purify mGluR114, the 
40-fold concentrated medium was applied on an immunoafiEin- 
ity column as described under "Experimental Procedures." 
Then we further purified the material by Resource Q column 
chromatography. Fig. 4B shows Coomassie staining of the pu- 
rified material of mGluR114 and mGluR113. We also confirmed 
that the NHg-terminal amino acid sequence of mGluR114 is 
identical with that of mGluRllS (data not shown). 

Using purified mGluR114 as well as mGluRllS, a Hgand 
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Fig. 8. Saturation binding of [^H] quisqualate to mGluR113 
and mGluRll4. 0.5 ^g of immunoaffinity-purified mGluRll3 (A) and 
mGluRll4 (B) were incubated in the binding buffer (40 mM Hepes 
containing 2.5 mM CaClg) with different ligand concentrations of 
pHlquisqualate at 4 for 1 h. Specific binding was determined by 
subtraction of nonspecific binding determined in the presence of 1 mM 
glutamate from total binding. The results were analyzed by Prism II for 
saturation kinetics (left panels) and for Scatchard analysis (right pan- 
els). A representative result from three independent experiments is 
shown. Each binding was performed in triplicate and is shown as the 
mean ± S.E. A non-linear regression analysis of mGluRllS revealed a 
of 54.1 ± 5.82 nM and a of 6.92 ± 0.73 nmol/mg of protein. 
mGluRlU showed a of 58.1 ± 0.84 nM and a B„„ of 7.06 ± 0.82 
nmol/mg of protein. These and values are means ± S.E. (n = 3). 

binding study was performed. mGluR114 and mGluRllS 
showed saturable binding as in Fig. 8 (A and B), The value 
of mGluR114 for quisqualate, which lacks the cysteine-rich 
region, was 58.1 ± 0.84 nM, similar to the value, 54,1 ± 5,82 
nM, of mGluRllS. These values are comparable to those re- 
ported using full-length membrane bound mGluRl (30). Thus, 
the LIVBP-like region is sufficient enough to bind ligands. B^^^^ 
values of mGluR 114 and mGluR 113 were 7.06 ± 0.82 nmol/mg 
of protein and 6.92 ± 0.73 nmol/mg of protein, respectively. 
Right panels are Scatchard plots of the data. 

Next, we performed rotary shadowing of the soluble receptor 
proteins, mGluR114 and mGluRllS (Fig. 9). Both were globu- 
lar proteins consisting of two similar components facing each 
other, consistent with the above finding that they were electro- 
phoresed as dimers in the native gels. Remarkable difference in 
the shadowing image was not observed between mGluR114 and 
113, implying that the LIVBP-like region can fold regardless of 
the presence or absence of the cysteine-rich region. 

DISCUSSION 

Previously, we have reported dimer formation of soluble 
forms of mGluRl expressed in insect cells (9), in which the 
dimer was disuliide-linked. In this investigation we have made 
cysteine to alanine mutants and identified the cysteine residue 
responsible for the disulfide linkage. One of the mutants, 
C140A, was electrophoresed in the monomer position imder 
nonreduced conditions by SDS-PAGE. Thus, we have demon- 
strated that Cys^'*^ is the responsible residue for the disulfide 
bond. However, imder the native state, namely without SDS in 
the gel matrix, C140A was electrophoresed at the position 
similar to that of mGluR113. C140A was also eluted at the 
position very close to that of mGluRllS by size exclusion chro- 
matography. These data led us to conclude that the disulfide 
linkage at Cys^"*" does not play a predominant role in dimer 
formation of mGluRl. Interestingly, C140A retained the bind- 
ing capacity to the ligand. Dose-response curves with ligands 
obtained by purified C140A showed affinities comparable to 
those of mGluR113. Furthermore, response to the hgands of 
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Fig. 9. Rotary shadowing image of the soluble mGluRs. Gallery 
of electron micrographs of soluble mGluRllS CA) and mGliiR114 (B). 

oocytes injected with RNA corresponding to a full-length form 
of mGliiRl containing Ala*^** mutation was similar to that with 
RNA for the original intact mGluRl. Thus, the local environ- 
ment around the ligand binding site and the signal transmis- 
sion within the receptor molecule have not been interfered by 
disruption of the disulfide linkage. We speculate that a puta- 
tive dimer interface is located apart from Cys^*°. 

mOluRl contains 19 cysteine residues in the extracellular 
region and these residues are conserved among all eight 
mGluR subtypes and CaR. CaR contains Cys^^^ in addition to 
Cys^^^, which exists at the corresponding residue of Cys^*® of 
mGluRl. Recently Ray et al. (31) reported that the C129S/ 
C131S double mutant of CaR was detected as monomer by 
SDS-PAGE, consistent with our results. On the other hand, the 
C129S/C131S mutant was not co-immunoprecipitated with 
wild type truncated mutant that contained the whole extracel- 
lular region and the first membrane segment of CaR. They 
speculated that the intermolecular disulfide bond in CaR plays 
predominant roles in dimer formation, which was in contrast to 
our result. Thus, roles and formation of the disulfide linkages 
between mGluRl and CaR might not be exactly alike. Cysteine 
residues responsible for intermolecular disulfide dimer or oli- 
gomer formation of m3 muscarinic receptor, which is one of the 
classical GPCRs, have recently been reported (32). Interest- 
ingly, a mutant in which the two responsible cysteines located 
at the second and third extracellular loops were mutated to 
alanines lost the intermolecular disulfide linkage, but retained 
the capacity to form non-covalent receptor dimer or multimer. 

In this study, we have also succeeded in outlining the domain 
structure of the extracellular region of mGluRl. A number of 
Arg and Lys residues are distributed in the extracellular re- 
gion; nevertheless, trypsin digested mGluR113, which consists 
of the whole extracellular region of mGluRl, at the site of 
Arg^^^. Thus, the extracellular region of mGluRl was subdi- 
vided into two domains: an NHg-terminal LIVBP-like region 
and a cysteine-rich region preceding the first transmembrane 
segment. We call the former part the ligand binding domain 
(LBD) and the latter the cysteine-rich domain (CRD) hereafter. 
Furthermore, five major firagments generated by partial tryptic 
digestion were assigned according to the two trypsin sites. 

An extracellular fragment devoid of CRD, mGluR114, was 
expressed well and showed a value of 58.1 ± 0.84 nM for its 
hgand, [^H]quisqualate, which is close to that of mGluRllS. 
Both of the soluble receptors, mGluR113 and mGluR 114, 
showed dimer under nonreduced conditions and monomer un- 
der reduced conditions. Thus, cysteine 140 responsible for the 
intermolecular disulfide bond resides within LBD. Because the 
trypsin-digested mGluRll3 electrophoresed at a position sim- 
ilar to that of the undigested one under a native condition, nick 
introduced by trypsin treatment seems not to interfere with the 
dimer interface. Interestingly, trypsin-digested mGluRllS as 



well as mGluRll4 (data not shown) retains ligand binding 
activity, suggesting that the digestion site, Arg^^®, is exposed to 
the surface and resides in a flexible region. The NHg-terminal 
15-kDa firagment seems to-be associated with the remaining 
part after trypsin digestion. Therefore, we did not make an 
expression construct that lacked the corresponding cDNA se- 
quence. Thus, whether the 15-kDa fi-agment is required for 
hgand binding could not be determined. The 15-kDa region 
might have a role for folding LBD. We speculate that the ligand 
binding site forms a rather rigid structure. 

Provided that two molecules of the ligand, quisqualate, bind 
to a dimer form of the soluble receptor, the stoichiometry of 
binding can be calculated to be approximately 39-44% based 
on the values of mGluRllS and mGluRlU for the ligand. 
Only half of the material might retain binding capacity, or we 
may have been unable to measure maximal binding capacity 
because our PEG precipitation assay is not expected to resolve 
low affinity site, if any, with a in the micromolar range. 
However, if we assume that cooperative binding is operated in 
the dimer form of the mGluRl or the two binding sites possess 
different affinities, this value of stoichiometry would be mean- 
ingful. Interestingly, it has been reported that a purified 42- 
kDa ligand-binding fragment of GluR-D, an o-amino-3-hy- 
droxy-5-methyl-4-isoxazolepropionic acid receptor, one of 
glutamate-gated ion channels, showed a value of 6-12 
nmol/mg, indicating 50% stoichiometry of the theoretical max- 
imum (33). 

Model buildings of part of the extracellular region of mono- 
mer mGluRl were proposed on the basis of an atomic structure 
of a bacterial binding protein that resides in the periplasmic 
space (34, 3). If the dimerized form is the principal form of 
active mGluRl, a novel mechanism may be at work in ligand 
binding and signal transmission in mGluR. Although the cys- 
teine residue(s) responsible for the intermolecular disulfide 
bonding has been determined, the precise mechanism of the 
dimer formation has not been explored, and the character of the 
dimer interface still remains to be elucidated. Whether or not 
dimer formation is critical for ligand binding and signal trans- 
mission in mGluRs is a topic that should be examined further. 
Because the cr3rptic dimer interface, which is different fi"om 
that formed by the intermolecular disulfide bond in mGluRl, is 
sensitive to SDS detergent, electrostatic or hydrophobic inter^ 
action can be suspected to be a driving force for the dimer 
formation of mGluRl. Intriguingly, a stretch of 24 consecutive 
imcharged amino adds in the extracellular region of mGluRl 
(residues 155-178) has been pointed out when the primary 
amino acid sequence was determined (29). 

Whether or not CRD interacts with LBD or the transmem- 
brane region is still unknown. The absence of large differences 
between the rotary shadowing imagings of mGluR113 and 
mGluR114 suggests that CRD appears not to perform major 
roles in dimer formation. Ligand binding within LBD may elicit 
conformational change of the seven transmembrane segments 
through CRD. If the structure of CRD is not flexible, magnitude 
and orientation of the conformational change occurred within 
LBD, if any, would transmit directly to the seven transmem- 
brane helices. Alternatively, CRD may be a flexible stalk and 
remold itself upon ligand binding to LBD. Thus, elucidation of 
the structure and function of CRD is an intriguing challenge. 
Through structural analysis of the ligand binding core of 
GluR2, Armstrong et al, (35) pointed out a possible interacting 
site to the allosteric effector or of domain-domain contact 
through its hydrophobic character. CRD in mGluR might be 
involved in such an interaction, although we do not have any 
evidence. 

In conclusion, Cys^"*^ is responsible for the intermolecular 



Mutagenesis and Proteolysis in mGluRl Extracellular Region 



28151 



disulfide bond of the dimeric mGlxiRl. C140A mutant remained 
to be a dimer, suggesting exsistence of a cryptic dimer interface 
distinct from the disulfide bond. C140A would be a valuable 
tool for analysis of the dimer interface. The final answer for the 
enigmatic dimer interface can be expected to be obtained by the 
determination of the atomic structure of a soluble form 
mGluRl. Because of the nine cysteine residues in a 70-amino 
add stretch, mGluR113 preparation might contain some mis- 
folded material. Thus, mGluRll4 complexed with ligands may 
be a good candidate for use in analysis of the tertiary structuie 
of mGluRl. 
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The metabotropic glutamate receptors (mGluRs) are key receptors in the modulation of excitatory synaptic transmission in the 
central nervous system. Here we have determined three different crystal structures of the extracellular ligand-binding region of 
mGluRI— in a complex with glutamate and In two unliganded forms. They all showed disulphide-linked homodimers, whose 
'active' and 'resting' conformations are modulated through the dimeric interface by a packed a-helical structure. The bi-lobed 
protomer architectures flexibly change their domain arrangements to form an 'open' or 'closed' conformation. The structures 
Imply that glutamate binding stabilizes both the 'active' dimer and the 'closed' protomer in dynamic equilibrium. Movements of the 
four domains in the dimer are likely to affect the separation of the transmembrane and intracellular regions, and ttiereby activate 
the receptor. This scheme in the initial receptor activation could be applied generally to G-protein-coupled neurotransmitter 
receptors that possess extracellular ligand-binding sites. 



Glutamate is a principal excitatory neurotransmitter in the mam- 
malian central nervous system and functions in long-term poten- 
tiation/depression, learning and memory. Glutamate receptors are 
membrane proteins, which mediate excitatory transmission on the 
cellular surface through initial binding of glutamate**^, and are 
categorized into ionotropic glutamate receptors (iGluRs) and 
metabotropic glutamate receptors (mGluRs). The mGluRs are 
coupled to G proteins and are thus distinct from the iGluRs 
which internally contain ligand-gated ion-channels. From a struc- 
tural viewpoint, mGluRs belong to the seven-transmembrane 
protein family mostly shared by G-protein-coupled receptors, 
such as rhodopsin and the adrenergic receptor. 

The eight subtypes of mGluRs are classified into three subgroups 
according to sequence similarity, agonist selectivity and effector 
system differences^ subgroup I (mGluRl and -5), subgroup II 
(mGluR2 and -3) and subgroup III (mGluR4, -6, -7 and -8). They 
share sequence similarity with the calcium-sensing receptor^ and 
the pheromone receptor^** to form the mGluR family. The mGluR 
structure is divided into three regions: the extracellular region, the 
seven-spanning transmembrane region and the cytoplasmic region 
(Fig. la). The extracellular region is further divided into the ligand- 
binding region (LBR) and the cysteine-rich region. LBR has 
sequence similarity to the leucine/isoleucine/valine-binding 
protein (LIVBP), which is a bacterial periplasmic binding protein' 
(PBP), as well as to the extracellular regions of both iGluR' and the 
7-aminobutyric acid (GABA)b receptor*. Both chimaeric receptor 
analysis' and homology model building'-*° based on the crystal 
structure of LIVBP" have suggested that LBR is responsible for 
ligand binding. More directly, the extracellular regions of mGluR 
have been expressed in soluble forms, and have been shown to serve 
as ligand-binding sites and thus confer ligand-binding selectiv- 
j^i2-i4 jj^g mGluR family therefore differs in the Ugand-binding 
mode from the classical rhodopsin-type G-protein-coupled recep- 
tors, which bind ligands in pockets in their transmembrane helices. 
To gain insight into the medianism of how ligand binding induces a 
conformational change that is transmitted across the transmem* 
brane region and into the intracellular region in the mGluR family 



proteins, we crystallized the LBR of mGluRl (ml-LBR) and 
analysed it by X-ray crystallography. Here we report three crystal 
structures of ml -LBR with and without glutamate, and discuss their 
structural differences to deduce the implications of receptor activa- 
tion. 

General description of crystal structures 

We determined the crystal structures of ml-LBR in two unliganded 
forms, called free forms I and II, and in a complex form with 
glutamate (Table 1). The asymmetric unit of all crystal forms 
contains two molecules of ml-LBR. These two protomers form a 
homodimer related by a non-crystallographic pseudo-twofold axis 
(Fig. lb, c). The global conformations of the dimers substantially 
differ between the complex form and the free form I, whereas the 
free form II and the complex form share almost identical conforma- 
tions, except for Hgand binding. 

The two protomers are covalently connected by an interprotomer 
disulphide bridge between Cys 140 of each monomer, which lie in a 
long disordered segment between the B helix and the D strand. This 
disulphide bridge has been confirmed by biochemical analyses of 
the protein with an alanine substitution at Cys 140 (ref. 15). 
Obviously, this disulphide bond cannot act as a structural scaffold 
because of its location within the disordered segment. Instead, it 
most probably functions as an interprotomer linker to increase the 
effective concentration of a dimeric form of mGluRl on the cellular 
surface. Similar reports showing the formation of disulphide-linked 
dimers of mGluRS (ref. 16) and the calcium receptor** further 
support the critical role of this residue, in addition to the conserva- 
tion of the corresponding cysteines in the mGluR family (Fig. 2). 

Each protomer consists of the amino- terminal and the carboxy- 
terminal domains, designated LBl and LB2, respectively. Only the 
LBl domain provides the dimer interfaces in all three crystal forms, 
and hence the LB1-LB2 relative orientations are independent of the 
dimer interface construction. These two domains, both with ct/p 
topology, are connected by three short loops on one side of the 
molecule to form a 'damshell'-like shape similar to that found in 
iGluR" or PBPs, such as LIVBP", lysine/arginine/ornithine-binding 



NATURE|VOL 407|26 OCTOBER 2000| wwrwjiaturexom 



Pfi e 2000 Macmltlan Magazines Ltd 



071 





Figure 1 Crystal structures of mGluRI in the iiganded and unliganded states, a. Diagram 
of full-length mGluRI. Functional regions are twixed. The LBI and LB2 domains, which 
constitute a ligand-binding region, are coloured blue and red. respectively. Numerical 
positions of amino-acid residues are indicated according to the primafy amino-acid 
sequence^. Protein regions not detemitned in this study are indicated by open boxes, 
b, Drawing of the spatial arrangements of mGluRI domains. The M0L1 and M0L2 
molecules of the m1 -LBR dimer are distinguished by dark and light colouring, 
respectively. The ligand, glutamate, is shown as yellow spheres. CR, cystelne-rlch region; 
10, intracellular region; TM. transmembrane region, c. Three orthogonal views of the 



dimer structures of the complex form and the free form I. The perspectives are indicated 
by arrows in b. Bound glutamate molecules are shown as yellow space-filling models. 
Disordered regions with a potential interprotomer disulphlde bridge are indicated by 
dotted lines. The B helix, constituting the dimer interface between subunits, is coloured 
green, d, Stereoview of MOLl of the complex form. The ribbon model, viewed from 
direction 2 in c. is coloured in a rainbow gradation from purple (N terminus) to red (C 
terminus). Helices and strands are indicated by upper and lower cases, respectively. 
Sugar moieties and a bound metal ion are depicted by green licorice models and a red 
sphere, respectively. 
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protein" (LAOBP), polyamine-binding protein""" and glutamine- 
binding protein^' (GlnBP). As predicted from sequence analysis', 
the main-chain folding of ml-LBR is similar to that of LIVBPj the 
r.m.s. deviations for the corresponding Ca atoms are about 1.8 A for 
each domain. 

Glutamate is bound in an interdomain crevice, as found in iGluR 
or PBPs. In common with these proteins, ml-LBR shows an open- 
closed conformation characterized by the different spatial arrange- 
ments between the LBl and LB2 domains. We designate the 
relatively closed subunit of the ml-LBR dimer as MOLl and the 
other as M0L2. The most characteristic feature of ml-LBR is the 
strikingly different dimer configurations, which are dependent on 
the dimer interface construction. 

We found a bound metal ion in the loop region between the A 
helix and the C strand (Figs Id, 2). From its hexavalent coordmation 
and temperature factor, this metal is most likely to be Mg^"*^, 
although Ca^* cannot be ruled out. mGluRl has been reported to 
bind di-/trivalent cations near the glutamate-binding site and 
function as a cation receptor^^ However, the found metal-binding 
position appears to be far from the reported cation-binding site. As 



we added neither magnesium nor calcium during the purification 
and crystallization, the metal appears to bind to ml-LBR more 
tightly than the reported affinity^^. Therefore, it may be a scaffold 
factor for the LBl domain, rather than a second physiological 
ligand. 

The B helix adjacent to the N terminus of the long disordered 
segment shows a notable conformational change between the free 
form I and the complex form. The residues 125-131 are dis- 
ordered in the complex form, whereas in the free form I they are 
incorporated into the B helix to form a helical extension of about 
two turns on the C-terminal side (Fig. 2). The extended helical 
residues in the free form I interact with those in the counterpart 
of the ml-LBR dimer. The same residues in the free form II are 
disordered, like those in the complex form. These findings suggest 
that the elongation of the B helix is more directly coupled with 
the domain arrangements rather than with glutamate binding 
itself. 

Ligand recognition 

In the complex form, both MOLl and MOL2 bind glutamate at 
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Figure 2 Secondary structure assignment (PROCHECK^^) and multiple sequence 
alignments. Secondary structure in M0L1 of the complex form is displayed over the 
sequences: helices are shown as cylinders: strands as arrows, with the same lat)elllng as 
in Rg. 1 d; disordered residues are shown as dots. The LB1 and LB2 domains, the tigand- 
binding sites, and the additionally visible region in the free form I are coloured blue, red, 
yellow and green, respectively. Intraprotomer disuiphide bridges are indicated by thin 
solid lines connecting cysteines. Residues of interest are highlighted beneath the 



secondary structure: cyan and magenta bars indicate residues involved in the dimer 
interfaces of the free form I and the complex form, respectively; arrowheads and filled 
circles indicate residues coordinating vi^ the metal ion and glycosylated residues, 
respectively; filled diamond indicates the cysteine residue fbnning the interprotomer 
disuiphide bridge. The sequences of selected mGluR family proteins, mGluRI , -2, -5 and 
•6 (rets 40-43) and the calcium receptor^, are aligned together and shown with the 
shading highlighting conserved sequences. 
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Rgure 3 Representation of glutamate binding. Pdar Interactions of glutamate wltti M0L1 and l\40L2 are denoted Ijy dotted lines with distances. Domain colouring is as in Fig. lb. 



similar sites (Fig. 3). A large cleft formed by the bi-lobed architec- 
ture involves two interfaces that contact the glutamate: one lies in 
the LBl domain (LBl interface) and the other in the LB2 domain 
(LB2 interface). The structures of the LBl interface are essentially 
identical between MOLl and M0L2, except for the positions of a 
few bound water molecules. By contrast, the LB2 interfoce with the 
open conformation is not used for glutamate binding by MOL2. 
The similar averaged temperature factors of the two bound gluta- 
mates indicate essentially identical mobility between MOLl and 
MOL2, suggesting a predominant role for the LBl domain in 
anchoring the Ugand. 

The LBl interfaces with a buried surface area of 168A^ are 
dominated by direa hydrogen bonds, while water-mediated hydro- 
gen bonds and salt bridges are predominant in the LB2 interface 



with a 135 buried surface area. A cation-ir interaction^ between 
glutamate and Tyr 236 may contribute additionally to stabilizing the 
complex. 

All of the potential ligand-binding residues identified by muta- 
tional analyses'-^* are hydrogen bonded to glutamate in the LBl 
interfaces. Our recent mutational analysis has confirmed that the 
hydrogen bond of Tyr 74 with glutamate is important for ligand 
binding (data not shown). Seven polar residues, which contribute to 
the hgand recognition, are conserved among all of the mGluR 
subtypes (Fig. 2). On the other hand, five polar residues are 
conserved only in subgroup I (mGluRl and -5). These five residues 
may be related to the ligand preference of subgroup L The two 
glutamate-binding schemes in the dosed and open bi-lobed struc- 
ture provide a structural basis for drug design. 



Table 1 Statistics from the crystaHographic analysis 



Native data statistics* 



Data set 


Space group 


Unit-cell dimensions 

(deg) 


Resolution (A) 


Completeness (%) 


MuftipBcty f^iHb) 




Cornplexform 

Free form! 
Free form 11 




a'r=83.4 
b s 95.2 
c = 97.5 
a = 111.4 
c = 293.7 
a = 84.8 
6 = 94,5 
c=955 


fl = 114.9 
3=113.2 


2.2 (2.25>2.20) 

3.7 (3.83-3.70) 
4.0(4.14-4.00) 


98.9(96.2) 

99.9(100.0) 
89.1 (77.3) 


3.26(2.83) 4.5(13.7) 

6.08(5.96) 14.6(52.0) 
2.55(2.61) 18.1(25.0) 


17.5(8.6) 

11.6(3.5) 
5.4 (3.Q 


MAD phasing from the KzPtCU derivative of the complex fomi (1 7.0-4.0 A)t 
Dataset Wavelength (A) Ckxnpteteness (%) RnmgBi%) 


Number of site 


s Phasing power (aoentrlc/cemric) 
Isonnorphous Anomalous 


MesnFOiy^ 


Edge 
Peak 
Remote 


1.0720 
1.0717 
1.0200 


99.4 
99.6 
99.5 


4.3 
4.8 
4.6 


6 


3.25/2.48 
3.12/2.47 


1.65/- 
1.87A 
1,82/- 


0.442 


Ftefinement stalisticst 


Complex fomi 


Free form 1 


. Free form [I 





/? factor (%) 
«•«(%) 

Ramachandran (%) 

Favoured 

Generous 

Disaliov^ 
R.m.s. deviations from ideality 

Bond lengths (A) 

Bond aroles (deg) 

Sfactor(A^ 



17.0-2.2 

19.6 (65.274 reflections) 

22.7 (3.497 reflections) 

89.1 
0.4 
0.0 

0.006 

1.2 

0.80(1.14) 



12.0-3.7 
24.4 (18,693 reflections) 
28.7 (950 reflections) 

89.3 
0.5 
0.0 

0.013 
1.7 

1.48 (1.56) 



20.0-4.0 
25.4 (10,016 reflections) 
32.8 (534 reflections) 

85.4 
0.4 
0.0 

0.014 
1.8 

1.08 (1.16) 



^^S^R ^^R^^^^l^^^J:^^^ '^ ^"^^^JS^ - RcaJOl/E^lobsX, Where aobs) and Flcalc) are the obsen^ and caJcutated r^ative structure^ 
usearorinerB»ienwntRm.s.dewatJons of S factors vwerocakxilatedfw w«»*M«auw. « rHh».wtaB 



974 



fifi e 2000 Macmillan Magazines Ltd 



NATURE] VOL 407|26 OCTOBER 2000|wwwjiaturexom 



articles 



Interdomain movement 

The open-closed conformational change of ml-LBR can be 
described as a rotation about an axis roughly passing across the 
three connecting loops (Fig. Ic, d). The difference in LB1-LB2 
interdomain orientations between MOLl (closed conformer) and 
MOL2 (open conformer) in the complex form is 31®, which is 
smaDer than the 52*^ in LAOBP" and 56** in GlnBP" (see Methods). 
We compared the determinants for interdomain movements^ the <t> 
and \p backbone dihedral angles on the three connecting loops, 
between the two conformers. The largest changes were 47° in the <t> 
angle at Gly 477 and 61° in the ^ angle at Arg 478 on the same loop. 
These values are comparable to the 52° change that occurs in the ^ 
angle at Ala 90 in LAOBP", whereas the other two loops show much 
smaller angle differences spread over many residues. 

In contrast to the closed and open cdnformers in the complex 
form, the free form I contains two open conformers, similar to each 
other in the overall shapes but different in detail (Fig. Ic). The two 
closed conformers and the four open conformers, available in all 
three different crystal forms, allowed us to estimate^the robustness 
of both conformers by comparing the interdomain orientations. 
The two closed conformers are identically orientated within an 
azimuth angle of 1°, whereas the four open conformers show a 
polymorphism of about 10°. This orientational restraint of the 
closed conformers seems to be derived from the direct contact 
between the LBl and LB2 domains, which is shared by the 
surroundings of the ligand interfaces in the free form II and the 
complex form. This contact with a buried surface area of 477 A^ 
involves six polar and many non-polar interactions. 

The free form II maintains the same dimer conformations as 
those of the complex form, even in the absence of ligand. This 
suggests that the interdomain orientation of the ligand-free ml- 
LBR exchanges in solution between the open and closed conforma- 
tions. From a comparison of the unliganded and complex forms of 
the LAOBP crystal structures, it was proposed that the unliganded 
protein undergoes a dynamic change between an open and a closed 
conformation, and that the role of the ligand is to stabilize the closed 
conformation'*. Furthermore, as reported for LAOBP, we could not 
find any evidence for a direct link between the ligand binding and 
the conformational change of the three connecting loops in ml- 
LBR. Together, we conclude that one role of glutamate may be to 
stabilize the closed conformation of the bi-lobed ml*LBR protomer 
in dynamic equilibrium. 

Relocation of dimer interfaces 

On the dimer interfaces, the two LBl domains rotate by about 70° 
between the free form 1 and the complex form (Fig. 4a). The 
rotation axis is approximately perpendicular to these interfaces 
and passes through the vicinity of He 120 and Leu 174 (Fig. 4b, c). 
This rotation, which is uncoupled from the intraprotomer open- 
closed conformational change, solely determines the interprotomer 
orientations of the non-crystallographic symmetry (NCS) related 
LBl domains. We designated the two distinct interprotomer orien- 
tations of the LBl domains in the free form I and the complex form 
as the *R* and *A' conformations, respectively. A comparison 
between the free form II and the complex form revealed that the 
A conformation is fixed within an azimuth angle of 3". A restraint 
comparable to this angle would be applied to the R conformation, 
because the buried surface areas of the two interfaces are similar: 
906 A^ for the R conformation and 793 A^ for the A conformation. 
The central hydrophobic cores of the two distinct interfaces com- 
prise residues Leu 1 16, He 120, Leu 127, Leu 174 and Leu 177, which 
are well conserved in the mGluR family (Figs 2, 4c). 

The dimer interface related by NCS mainly consists of the B and C 
helices, including the extension of the B helix in the free form I 
(Fig; 4b). This helical extension appears to predominantly differ- 
entiate between the R and A conformations. The angles between the 
B and C helices of each LB 1 domain are estimated to be 140° in the R 



conformer and 70° in the A conformer. The mode of helical packing 
in this interface appears to be different from that of the globin fold 
or the four-helix bundle^^, where the crossing angles are usually 20° 
or 50°. The packing in the dimer interface appears to be looser than 
that in the internal protein folding. This looseness may be favour- 
able for the smooth conversion between the R and A coiiibrmations. 

IVIultiple conformations of the LBR dimer 

The entire conformations of the ml-LBR dimer in the three crystal 
forms can be defined as a combination of the intra and inter- 
protomer conformations: open-open/R for the free form I and 
closed-open/A for both of the free form II and the complex form 
(Fig. 5). The latter, closed-open/A conformation is assumed to be 




Complex form (A conformer) 




Figure 4 Relocation of dimer interfaces, a, Superposition of the free form I (green) and the 
complex form (red) after the alignment of the corresponding Ca atoms in the LBl domains 
of MOLl . MOLl and M0L2 are distinguished by dark and light colouring, respectively. The. • 
two molecules in the different states are viewed along the rotation axis of the dimer 
interfaces. The helices B and C. which mainly contribute to the dimeric interactions, are 
represented as ribbon diagrams in M0L2 with the same colouring as that of the subunits. 
b, Close-up view of the dimer interfaces. Perspective and colouring of the receptors are 
the same as those in a. Helices B and C are represented as rectangles with arrows that 
denote sequence directions. Dimer interfaces and their rotation axes are depicted as 
orange planes and filled circles, respectively, c, Open-book view of dimer interfaces. 
GRASP^^ models of the LBl domains, viewed from the right side of a, are disassembled in 
the manner of an 'open book' to reveal the dimer interfaces. Hydrophobicity based on the 
reported hydropathy values^ and buried surface area were mapped, respectively, onto . 
the right MOLl models and the left M0L2 models by gradation colouring. The blue and the ■ 
yellow in M0L1 represent the hydrophillc and hydrophobic regions, respectively; the 
yellow and the red in M0L2 indicate the low and high values of buried surface area, 
respectively. Residue-residue interactions and rotation axes of the dimer interfaces are 
indicated. 
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Resting state 



Active state 




Giutamate - 



Glutamate 




Conformation open-open/R 
Crystal form Free form I 

LB2-LB2 spacing (A) 63 (88) 



closed-open/A 
Free form II and Complex form 
36(63) 



Figure 5 Diagram of the two states of the ml -LBR in dynamic equilibrium. Open and 
closed conformations of ml -LBR are distinguished by light and dark colouring, 
respectively. LB2-LB2 spacings are shown between the centres of masses or C temiini 
(in parerrtheses) of the two LB2 domains in each confomier. 



trapped by crystal packing, because of the lack of connection 
between the asymmetric protomer combination and the interpro- 
tomer A conformation. This implies that unidentified conforma- 
tions of ml -LBR with various combinations might be present in 
solution. We confirmed the feasibility of other putative conformers 
by model building (see Methods). This examination allowed us to 
construct four additional conformers of the ml -LBR dimers with- 
out steric dashes: closed-open/R, closed-dosed/R, open-open/A 
and closed-closed/A. 

If glutamate binding changes the equilibrium of such multi- 
conformers and thereby activates the receptor, then the spatial 
arrangements of the two LB2 domains near the cellular membrane 
would be crucial for signal transduaion (Figs lb, 5). Thus, we 
estimated the spacings between the two LB2 domains in each of the 
sbc conformers (see Fig. 5 legend). Notably, in spite of the large 
variety of LB2-LB2 orientations, there are only two spacings with a 
roughly 26 A difference determined exclusively by the inteiproto- 
mer R-A conformations (Fig. 5). Notably, the crystal structures 
indicate that glutamate binding settles the A conformation, which 
should be defined as the active* state, and hence the R conformation 
should correspond to the 'resting' state. This notion implies that 
glutamate binding should be the determinant for the R-A con- 
formational change, perhaps through a subtle structural change that 
occurs on binding. The limited resolutions of the ligand-free 
crystals prevent manifesting a clear structural basis for the stabiliza- 
tion mechanism, although a loop region (residues 59-67), indud- 
ing a conserved disulphide bridge, appears to have an important 
role, because of its proximity to both the glutamate-binding site and 
the extending region of the B helix. 

Implications of receptor activation 

The initial activation mode of mGluRl is totally different from 
those postulated in the dassical rhodopsin-type G-protein-coupled 
receptors induding rhodopsin^* and the adrenergic receptor^'. It is 
intriguing to compare the activation mechanism of m(^luRl with 
cytokine-receptor recognition. Structural studies revealed that 
cytokine binding causes the assembly and/or the rdocation of 
their extracellular domains of receptor molecules^"^. In activation 
of the dimeric erythropoietin receptor (EPOR), the conformational 
rearrangement of the extracellular region coupled with ligand 
binding induces the access of the transmembrane and cytoplasmic 
domains"^'. Similarly, the interdomain and interprotomer rear- 
rangements of the ml -LBR dimer may cause the approach of two 
transmembrane regions linked to intracellular regions (Fig. 5), 
although we have to consider the cysteine-rich region with an 
unknown 3D struaure (Fig. lb). Alternatively, glutamate with a 
much smaller size and lower afi&nity does not use the induced-fit 
activation mechanism, and the ligand binding increases only the 
population of activated forms by stabilizing them among the several 
conformations that are in dynamic equilibrium. 



The crystal structures of ml -LBR also suggest roles for the LBR 
homologous regions (LBR-HRs) of rdated receptors, such as the 
GABAb receptor and iGluR. The extracellular LBR-HRs of both 
receptors possess a short stretch of hydrophobic residues, corre- 
sponding to the C helix of the ml -LBR dimer interface, suggesting 
the conservation of the oligomerization interface among the three 
receptors. In the case of the GABAb receptor, a heterodimerization 
of two distinct subimits with homologous sequences is essential for 
receptor expression and activation""^. Thus, a large variety of 
interdomain and intersubunit conformations of LBR-HR might 
be important for the GABAb receptor activation. Similarly, in the 
case of iGluR, which forms a multisubunit ion channel, LBR-HR at 
the N terminus of the receptor might regulate the function of the ion 
channd by using an additional extracellular interface for oligomer- 
ization. 

In condusion, we have shown that the dimeric ligand-binding 
region of mGluR adopts multiple conformations, where the acti- 
vated domain arrangements of the dimer are in equilibrium with 
other states and are sdectivdy stabilized by glutamate binding. 
Analogous multiple conformations in a multisubunit receptor, 
formed as a result of the rdocations of both the interdomain and 
intersubunit interfaces, maybe one of the fundamental principles of 
the activation mechanism of receptors that bind smaD ligands in 
extracellular regions. □ 

Methods 

Crystallization and data coliection 

Wc expressed and purified die LBR of rat mGIuRl (residues 33-522) as described". The 
complex form grew in hanging drops containing 20% PEG4000, 1 mM L-glutamate» 
10 mg ml'' ml-LBR and 200 mM HEPES-NaOH pH 7.5. Heavy atom derivatives were 
prepared by soaking crystals in 5 mM K2PtCi4 for 5 h or by expressing ml-LBR in a 
medium containing selenomethionine. The free form I was grown in 1.9 M ammonium 
sulphate solution, contaming 10 mg mT' ml-LBR and 200 mM IVis-HQ pH 8.5, and the 
free form II in a 20% PEG4000 solution, containing 10 mg mT' ml-LBR, 100 mM 
ammonium sulphate and 100 mM Tris-HCl pH 7.5. We collected diliiraction data with 
cryocooling at 100 K on undulator beamlines BL45XU (complex form) and BL24XU (free 
forms) at SPring-8, Hyogo, Japan. Cryosolvents were artificial mother liquor containing 
20-30% glycerol Wc processed all dau with DENZO/SCALEPACK'*. 

Stnidure detemiination 

We used multtwavdength anomalous di^iersion (MAD) for the phase determination of 
the platinuim derivative of the complex form. MAD phasing from six platinum sites was 
performed with the program SHARP^ at 4.0 A resolution. Phase extension to higher 
resolution data was unsuccessful; however, an initial atomic model containing most of the 
secondary structure in ml-LBR could be built on the 4.0 A resolution map, after phase 
improvement using the program DM". In this process, we found 22 selenium sites in a 
difference Fourier map from the selenomethionine derivative. These selenium sites and 
the atomic coordinates of UVBP (PDB code 2L1V) were efFertively used as guides in the 
model building. Further phase improvement by molecular averaging and by phase 
combination with the partial model phases allowed us to build a model for the entire 
complex molecule. This model was refined with the program CNS^ followed by manual 
rd>uilding. We applied bulk-sohrcm correction, NCS restraints and anisotropic B foctor 
corrections. The NCS restraints were released in the final two rounds of the refinement 
During the refinement, a few bound HEPES molecules were found in regions sufficiently 
far from both the glutamate-binding site and the dimer interfoce. The final model contains 
897 residues of a ml-LBR dimer, 2 L-glutamate molecules, 642 water molecules, 4 
N-acctyl-glucosamine residues, 3 HEPES molecules and 2 metal ions. The model of 
Cys 289 had two conformers probably produced by radiation damage during data 
collection, as reported for acetylcholine esterase and lysozyme crystal strurtures". 

The molecular replacement analysis with AMORE", using modified coordinates of the 
ctfmplex form as a search model, allowed the structure determination of the free form I 
crystal The combination of molecular replacement phases with single isomorphous 
replacement phases from a Pt derivative provided the identical conformation. We 
refined the model using CSS with bulk-solvent correction, tight NCS restraints 
(300 kcal moP' A~^) except for the regions of crystal contact, and anisotropic B-&ctor 
corrections. In the free form I, bound sulphate tons were found in the moieties essentially 
identical to the HEPES sites in the complex form. The final model contains 912 amino- 
acid residues of an ml-LBR dimer, an iV-acet)4-glucosamine residue and 4 sulphate ions. 
The structure of the free form II was solved by rigid-body refinement with CNS, usiiig the 
coordinates of the complex form. For the calculation, we regarded the four domains in the 
ml-LBR dimer as four independent rigid bodies. Bulk-sohrent correaion and anisotropic 
B-faaor correaions were applied. Finally, the model was refined with tight restraints. The 
current model contains 896 residues of an ml-LBR dimer. No obvious electron densities 
were observed around the glutamate-binding site of the free form II, after simulated 
annealing using CNS. Fob.- F^k simulated annealed omit maps for the free forms I and II 
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were calculated at 3.7 A and 4.0 A resolution, respectively, and both of them clearly 
revealed one by one all a-helices from A to O, confirming that the refined conformations 
are accurate. A stereochemical analysis of the refined model by PROCHECK" showed 
excellent geometry for all crystal forms (Table 1 ), 

We calculated the orientation differences between two identical components and buried 
surface areas with the programs LSQKAB'^ and QUANTA98 (Molecular Simulations), 
respectively, as described". Figures lc» Id and 4a were drawn in QUANTA98. 
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Crystal structures of the extracellular llgand-binding region of the 
metabotropic glutamate receptor, complexed with an antagonist 
{SHQ!)-methyi-4-carboxyphenylglycine, and with both glutamate 
and Gd^*^ ion. have been determined by x-ray crystallographic 
analyses. The structure of the complex with the antagonist is 
similar to that of the unliganded resting dimer. The antagonist 
wedges the protomer to maintain an inactive open form. The 
glutamate/Gd^**- complex is an exact 2-fold symmetric dimer» 
where each bi-lobed protomer adopts the closed conformation. 
The surface of the C-terminal domain contains an acidic patch, 
whose negative charges are alleviated by the metal cation to 
stabilize the active dimeric structure. The structural comparison 
between the active and resting dimers suggests that glutamate 
binding tends to induce domain closing and a small shift of a helix 
In the dimer interface. Furthermore, an interprotomer contact 
including the acidic patch inhibited dimer formation by the two 
open protomers in the active state. These findings provide a 
structural basis to describe the link between ligand binding and the 
dimer interface. 

Metabotropic glutamate receptors (mGluRs) are a class of 
G-protein coupled receptors that possess seven transmem- 
brane regions and couple with a variety of second messenger 
systems, including the activation of phosphoinositide hydrolysis 
and the regulation of adenylyl cyclase. To date, eight subtypes 
are known, which arc categorized into three groups according to 
sequence similarity, location in the nervous system, and re- 
sponses to agonists/antagonists (1-3). mGluRs exert a number 
of effects on neural excitability and synaptic transmission at most 
glutamatergic synapses in the central nervous system, perform- 
ing crucial roles in changing synaptic efficacy or plasticity. 

We have recently reported the crystal structures of the extracel- 
lular ligand-binding region of the Homodimeric mGluR subtype 1 
(ml-LBR) in the complex with glutamate and in the two unliganded 
forms (4). These structures suggested that the "Active" and "Rest- 
ing" conformations of ml-LBR are modulated through the dimer 
interface. The bi-lobed protomer is composed of two domains, LBl 
and LB2, and flexibly changes the domain rearrangement to form 
the "open" or "closed" conformation. Glutamate binding increases 
the population of the "Active" conformer, designated as "closed- 
open/A," which adopts the "Active" type of the dimeric interface 
with each of the "closed" and "open" protomers. The ligand-free 
state exhibits two different structures, "closed- open/A" and 
"open-open/R" (the "Resting" dimer with two open protomers). 
These results suggested that the ml-LBR is in dynamic equilibrium, 
and that glutamate binding stabilizes both the "Active" dimer and 
the "closed" protomer. 

To obtain clearer insights into the structural basis of receptor 
activation, we have determined the crystal structure of ml-LBR 
complexed with an antagonist, (5)-(a)-methyl-4-carboxyphenyl- 
glycine (5-MCPG) (5-7). Furthermore, we have soWed the 
crystal structure in the presence of both the native agonist, 
L-glutamate, and gadolinium ions, because metal cations, in- 
cluding Gd3+, modulate the signaling of mGluRs (8-11). Here 
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we report the new structural basis of agonism and antagonism, 
which accounts for the receptor activation mechanism. 

Materials and Methods 

Struaure Determination of the Antagonist-Bound Form. Overpro- 
duction and purification of the ml-LBR (residues 33-522) were 
done as described (12). Crystals of the complex with iS-MCPG 
were obtained under the conditions used for the ligand-free form 
(0.2 M Tris-HCI, pH 8.5/1.9 M ammonium sulfate) (4) with 10 
mM 5-MCPG. The crystals belong to the space group /*4i2i2, 
with unit cell dimensions ofa-b- 112.14 A and c = 289.91 
A. Intensity data were collected with the R-AXIS V image plate 
detector (Rigaku, Tokyo) at the BL24XU beamline (A = 0.8360 
A) of SPring8 (Hyogo, Japan). The data were processed with 
MOSFLM (13) and were reduced with scala in CCP4 (14) with an 
/Emerge of 0.086 within 20- to 3.3-A resolution. Molecular re- 
placement by using amore (15) was successful when the probe 
[Protein Data Bank ID code (PDB) lEWK] was separated into 
two domains. Under the noncrystallographic symmetry (NCS) 
restraint between the two subunits, the structure was refined by 
the use of Cns (16) to provide final /?cryst and /?free values of 0.257 
and 0.314, respectively (20- to 3.3-A resolution). Other crystal- 
lographic statistics are shown in Table 1. 

Structure Determination of the Glutamate/Gd^*^ -Bound Form. The 

ml-LBR in complex with the agonist and the gadolinium ion was 
crystallized under the same conditions used for the glutamate- 
bound form of ml-LBR (0.2 M Hepes, pH 7.5/20% polyethylene 
glycol 4000/1 mM L-glutamate) (4), except for the presence of 
0.5 mM GdCb. The crystal data [space group P3221; a = b = 
145.3 (A), and c = 76.75 (A)] are different from the previous 
data, suggesting that the gadolinium ions affect the crystal 
packing. The absorption edges (1.563 and 1.711 A), measured at 
beamline BL40B2 at SPringS, correspond to the Ln and Lm 
edges of gadolinium [1.5612 and 1.7094 A (17)], proving the 
presence of the element in the crystal. X-ray diffraction images 
were recorded on a Quantum 4R charge-coupled device detector 
(Area Detector Systems, Poway, CA) at the same beamline (A = 
1.000 A). Because the crystal was too sensitive to find adequate 
conditions' for cryopifotection, the diffraction data had to be 
collected at 298 K, Consequently, radiation damage was so 
serious that only partial data could be obtained with one crystal. 



Abbreviations: mGluR, metabotropic glutamate receptor; mGluRI. mGluR subtype 1; ml- 
LBR. Ilgand-binding region of mGluRI; PDB, Protein Data Bank ID code; NCS, noncrystal- 
lographic symmetry; rmsd, rms deviation; 5'MCPG, (5)'(a)-methyM-carboxyphenylglyclne; 
R-MCPG. (/0*<a)-nnethyl*4'carboxyphenylglycine. 

Data deposition: The atomic coordinates have been deposited in the Protein Data Bank, 
www.rc5b.org [PDB ID codes 1 1SS <the 5-MCPG-bound form) and 1 1SR (the glutamate/Gd^^- 

bound form]. 
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Table 1. Data collection and refinement statistics 



Giutamate/Gd^'^ 





S-MCPG complex 


complex 


uaid coiiecTion 






waveiengtn, A 


0.8340 


1.0000 


Resolution limit, A 


3.3 


4.0 


Emerge 


0.086 (0.493*) 


0.10(0.230*) 


Completeness, % 


97.8 (99.3*) 


90.1 (75.6*) 


//a</) 


8.5(1.6*) 


6.7 (2.9+) 


Multipltcity 


4.3 (4.7*) 


5.0 (2.8*) 


Refinement 






Resolution. A 


20-3.3 


12-4.0 


Number of refleaions 


26032 


7182 




0.257(0.461*) 


0.237 (0.2775) 




0.314(0.445*) 


0.259 (0.332S) 


Deviation from ideality 






Bond length, A 


0.009 


0.003 


Bond angle, * 


1.3 


0.9 



*3.37-3.30 A. 
M.20-4.00 A. 
*3.33-3.30 A. 
*4.1 3-4.00 A. 

*7% of the diffraction data. 



The partial data of four crystals, indexed with mosflm (13), were 
combined and scaled [by using scala (14)] to obtain the 
complete data set, with an /?merge of 0.101 within a 20- to 4.0-A 
resolution range. The application of AMORE (15) provided a clear 



solution of the molecular replacement by using the closed 
conformation of ml-LBR (chain A of PDB lEWK) as a search 
model. Refinement by use of cns (16) provided the converged 
structure with an value of 0.237 and an Rucc value of 0.259 
for the 12- to 4.0-A resolution data. Other crystallographic 
statistics are shown in Table 1. 

Calculation of Interprotomer Nonbonded Energy. Models of the 
ml-LBR dimer with variable interdomain angles were con- 
structed by using the coordinates of PDB lEWK. The initial 
models, consisting of 14,180 atoms, including the ligand (gluta- 
male) and the Mg^"^ ion, were energy-minimized with presto 
Ver. 3 (18) to alleviate unreasonable steric collision. The amber 
PARAM96 force field (19) was applied for the potential energy 
calculation, except for the ligand, for which the partial charge 
was calculated with mopaC2000 (Fujitsu, Kawasaki, Japan) by 
using the AMI Hamiltonian. The electrostatic interactions 
(dielectric constant 4.0) were exactly evaluated with no cutoff 
procedure. 

Results and Discussion 

Mechanism of Antagonism by 5-MCPG. The crystal structure of 
ml-LBR in complex with 5-MCPG contains two protomers in 
the asymmetric unit. The two NCS-related protomers, which 
form a dimeric structure, equivalently bind the antagonist (Fig. 
IB) and, as a result, are well superimposed, with a rms deviation 
(rmsd) of 0.38 A for 453 Ca atoms. The conformation of the 
protomer is the "open" form, in which the bound 5-MCPG is 
accessible to the bulk solvent region. The two open protomers 
symmetrically dimerize with the "Resting" interface. Thus, this 




10"' 10" 10"" 10" 
Ligand concentration (1^) 




J«36l 

S-MCPG 
(Open protomer) 




Qutamate 
{Closed protomer) 



Qutamate 

(Open protomer) 



Fig. 1. iA) Dose-response curves of S-MCPG (filled diamonds) and fi-MCPG (filled squares) in inhibiting pHlquisqualate binding to ml-LBR. Each reaction 
contained 0.75 of purified m 1 -LBR. The binding assay was done as described (1 2. 20). (S) Stereo-pair diagram of ml -LBR complexed with 5-MCPG, viewed from 
the perpendicular direction to the dimer interface. The LBl and LB2 domains are coiored blue and red, respectively, except for the B (cyan). C (green), and F 
(yellow) helices. The two protomers in the dimeric ml -LBR are distinguished by saturated and light colors. The magenta Corey--Pauling-Koltun model represents 
the bound 5-MCPG. These protomers are related by an NC5 2-fold axis (black arrow). (O Schematic diagrams of the recognition of 5-MCPG {Left) and glutamate. 
observed in both the closed {Center) and open {Right) protomers of the dosed-open/A dimer (4). Yellow and green boxes represent residues forming direct and 
water-mediated interactions, respectively, with the corresponding ligand. The bound water molecule is depicted by the circled "W." The recognition of each 
ligand is established by polar interactions (broken lines) and van derWaa Is interactions (with Wl 1 0).(O) Structures oftheglutamate-bound form [closed-open/A 
(4); red for closed, blue for open) superimposed onto the 5-MCPG complex (green) by their LB 1 domains. The side chain of Y236 blocks the 5-MCPG complex from 
closing. This figure was generated as if the front protomer (saturated color) in fi were viewed from the left. 
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Fig. 2. Two orthogonal views of the six open protomers superimposed on 
the closed protonner (complexed with glutamate; black) by using the LBl 
domains [blue, glutamate-bound form (closed-open/A); magenta, ligand- 
free form (closed-open/A); red and orange, llgand-free form (openopen/R); 
yellow and green, S-MCPG complex (open-open/R)l. Although the LBl do- 
mains are well superimposed (rmsd 0.44-0.67 A), the deviations including the 
LB2 domain Increase to 2.9-4.3 A. However, the application of a simple 
rotation around the cyan bar significantly reduced the deviation to s 1.0 A 
aableZ). 



Table 2. Superimposition of the mi-LBR protomers 

Open rmsd after 

Protomer ; rmsd, A* angle, rotation, A* 



Closed 



Closed-open/A (+glutamate)S 




0 




Closed-open/A (ligand-free)^ 


0.58 


0.0 


0.58 


Closed-closed/A (4- glutamate. 


0.38 


0.0 


0.38 


+ Gd3+)Ti 








Dpen 








Closed-open/A (+glutamate)fl 


4.3 


32 


0.67 


Closed-open/A (ligand-free)fl 


3.7 


26 


1.0 


Open-open/ R (ligand-free)** 


2.9 


. 21 


0.78 




4.0 


29 


0.91 


Open-open/R (+ S-MCPG)*^ 


3.2 


24 


0.57 




3.4 


25 


0.73 



*Cc, atoms are superimposed on the closed protomer of the glutamate-bound 
cIosed-open/A structure. 
^Rotation angle of the LB2 domain around the axis In Fig. 2. 
^Calculated with the structure after application of the "open angle" rotation. 
SThe closed protomer Is used for the calculation, 
^he two closed protomers are related by crystallographic symmetry. 
(The open protomer is used for the calculation. 

* *These crystal structures contain a dimer (two protomers) In their asymmetric 
units. 



symmetric dimer is defined as "open-open/R," which was 
observed in the hgand-free state (4). This antagonist-bound 
complex strongly supports the previous proposal that the open- 
open/R structure indeed corresponds to the "Resting" state of 
the ligand-binding region. 

»S-MCPG is bound into the interdomain cleft, where glutamate 
is found in the cIosed-open/A structure (4). On the side of the 
LBl domain, the same residues involved in glutamate recogni- 
tion (Y74, WHO, S165, T188, and K409), except for S186, are 
used for 5-MCPG recognition (Fig. IC). The LB2 domain also 
participates in 5-MCPG recognition with D208, Y236, and D318 
(Fig. IC), which similarly interact with glutamate (4), even in the 
different protomer conformations: open for the antagonist and 
closed for the agonist. Notably, these three residues cannot reach 
glutamate in the open conformation because of the large spacing 
between the two domains. Similarly, the open conformation 
separates R323 not only from glutamate but also from 5-MCPG, 
whereas this side chain makes a salt bridge with the agonist in the 
closed protomer. This recognition scheme implies that the role 
of the antagonist is to wedge the open protomer conformation. 
In fact, the binding of 5-MCPG restricts the open angle within 
a narrow range (24-25°), in contrast to the considerable poly- 



morphism of the other open protomers, where open angles range 
from 21 to 32** (Fig. 2, Table 2). 5-MCPG is longer by two carbon 
atoms than glutamate, and thus the antagonist collides with the 
LB2 domain, in particular at Y236, when the two domains 
approach each other (Fig. W). This structural feature of the 
open protomer wedged by this ligand may provide hints for the 
design of new antagonists. 

pH]Quisqualate binding to ml-LBR is displaced by 5-MCPG 
(20), whereas its stereoisomer, (/?)-(a)-methyl-4-carboxyphenyl- 
glycine (/?-MCPG), does not inhibit binding (Fig. lA). R-MC?G 
can be placed on the binding site for 5-MCPG without any steric 
collision. However, i?;MCPG is unable to form the same polar 
interactions as 5-MCPG (Fig, IC) because of the different steric 
configuration of the a amino and a carboxyl groups around the 
chiral center, the Co atom. Therefore, R-MCPG is unlikely to 
form a stable complex with the receptor. 

4-Carboxyphenylglycine has been used as a lead compound for 
mGluR antagonist development (21, 22). Its derivative, 5-MCPGi 
is a nonselective antagonist for group I and II receptors (5-7), 
whereas it has little or no activity with group III receptors (6, 22). 
All of the residues that directly recognize the antagonist are 
completely conserved among all of the groups, except for Y74. This 




Fig. 3. (A) Structure of m l-LBR complexed with glutamate and Gd^* ion, viewed from perpendicular {Left) and parallel (Right) directions to the dimer interface, 
with the anomalous difference Fourier map (green cages; contoured at 5a). The coloring is the same as in Fig. Ifi. The yellow Corey-Pauling-Koltun model 
represents the bound glutamate. As the asymmetric unit contains one protomer, its symmetry mate, related by a crystallographic 2-fold axis (black arrows), is 
drawn by light colors to represent the dimer structure, (e) grasp (28) electrostatic surface representation (negative, red; neutral, white; positive, blue) of the two 
dimer interfaces, encircled by broken lines. 
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tyrosine residue is variable among mGluRs (Tyr in group I, Arg in 
group n, and Lys/Asn/Gin in group III). Therefore, these direct 
contacts are not sufficient to discriminate the group IE receptors 
from the others. Instead, the discrimination may be accomplished 
by the other residues, which would not make direct interaction with 
5-MCPG but interact with it through water molecules. Otherwise, 
the residues specific to the group III receptors may cause steric 
inhibition of the S-MCPG binding. 

Role of Gd^-^ Ion in Receptor Activation. The structure of the 
ml-LBR protomer complexed with glutamate and the Gd^"*" ion 
(Fig. 3/1) is essentially the same as that of the closed conforma- 
tion with glutamate (4). The rmsd value was calculated to be 0.38 
A by using the 449 €„ positions. The dimeric structure consists 
of the two protomers related by a crystallographic 2-fold axis. 
The dimer interface formed by the LBl domains (LBl interface; 
Fig. 35) is also the same as that observed in the complex with 
glutamate. According to the conformational notation of the LBl 
interface, which determines the R and A conformations (4), this 
dimer is defined as the A state. The conformation of the complex 
related by the exact 2-fold symmetry is different from the 
closed-open/A of the Gd^'^-free complex, where the two LBl 
domains are related by the pseudo-2-fold symmetry, but the LB2 
domains are asymmetric. Thus, the present structure can be 
defined as "closed-closed/ A," which was not observed in the 
previous study. 

An anomalous difference Fourier map clearly revealed three 
gadolinium sites bound to the protomer (Fig. 3A), Site 1 is 
located on the crystallographic 2-fold axis. Sites 2 and 3 are too 
distant from any protein atoms to affect interprotomer or 
interdomain interactions, and therefore neither appears to mod- 
ulate receptor activation. This notion is in agreement with the 
fact that the residues interacting with Gd^"^ at sites 2 or 3 are not 
conserved among mGluRs. In the vicinity of site 1, a new 
interprotomer interaction is found between the LB2 domains. 
This contact site is designated as the LB2 interface (Fig. 3B). The 
LB2 interface is markedly negative because of the cluster of four 
acidic residues, D191, E233, E238, and D242 (Fig. 4). Among 
them, E238 and D242 lie close enough to interact with the Gd^*^ 
ion, which alleviates the electrostatic repulsion between the two 
protomers (Fig. 4A). Similar interactions of Gd^"*" with acidic 
residues were observed in the other crystal structures (23-25). 
On the other hand, the closed-open/A dimer (4) also involves 
the LB2-LB2 contact, in the absence of the Gd^"^ ion (Fig. 45). 
In addition to the four acidic residues forming the acidic patch, 
K260 participates in the interprotomer LB2-LB2 contact in the 
closed-open/A structure. The amino group of K260 in the 
closed protomer is located at the position similar to the site 1 
Gd3+ ion to form interprotomer salt bridges with E238 and D242 
in the open protomer. The same basic side chain of the open 
protomer is also salt-bridged to the acidic side chain of D242 of 
the closed one but not to E238, because of the asymmetry. 

These findings suggest a functional role of the Gd^"^ ion at the 
LB2 interface. K260 is close enough to interact with the acidic 
patch, not only in the cIosed-open/A structure (Fig. 45) but also 
in the closed- closed/ A structure (Fig. 4A). Even in the absence 
of the cation, these two "Active" structures are possible under 
the environment where water molecules are accessible to the 
edge of the acidic patch. In fact, the closed-open/A structure 
without Gd^"^ is stable enough to be crystallized (4). Once the 
Gd^"^ binds at the center of the acidic patches, their repulsion is 
alleviated more efficiently than by K260 alone. As a result, only 
the closed-closed/A is selectively stabilized. Notably, the core 
residues in the interface are highly conserved among the mGluR 
sequences. In particular, two acidic residues, E233 and E238, are 
completely conserved among all subtypes. K260 is also invariant, 
except for subtype 7, with Arg at the same position. D242 is 




Fig. 4. Local structures of the LB2 interface of the complexes with glutamate 
and a Gd^"^ ion in the closed-closed/A conf ormer (A), and with the glutamate 
in the closed-open/A (S). The interface of the hypothetical open-open/A 
model, of which both open angles are 30°, is shown in C. Yellow and green 
represent the closed and open protomers, respectively. The 2-foId axis of the 
dimer is directed perpendicularly to the paper through the center of each 
figure. The silver sphere in A denotes the site 1 Gd^"^ ion. 

replaced with Glu in the other subtypes. The interactions formed 
by these conserved residues should be common in the mGluRs. 

Extracellular calcium ion at several millimolar concentrations 
was reported to potentiate phosphoinositide signaling by the 
receptor (9) and to directly activate it in the oocyte system (8). 
Recently, it was found that the persistent response by glutamate 
requires extracellular Ca^"^ in mGIuRl-transfected Chinese 
hamster ovary cells (10, 11). In this context, the selective 
stabilization of the cIosed-closed/A structure is induced not 
only by Gd^"^ but also by Ca^"^, because these two metals have 
similar ionic radii (26) and a similar tendency of binding to 
carboxyl side chains. In the absence of glutamate, the Gd^"*^ ion 
is insufficient to crystallize the /^221 form, suggesting that the 
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losing UlS-MCI»<; 



I F helix 



Fig. 5. Structures around the C helix at the LB 1 interface. The C and F helices 
of the S-MCPG-bound open protomer (green) and of the glutamate-bound 
closed protomer (yellow) are drawn with the corresponding ilgands (stick 
models). The blue and red ends of the helices Indicate their N and C termini, 
respectively. The gray surface represents the open protomer forming the 
dimeric structure of the g I uta mate-bound closed-open/A. The LB1 interface 
is approximately parallel to A. and its orthogonal view is on B. Note that the 
small upward shift of the C helix is presumably caused by dipole-dipole 
repulsion between the C and F helices, of which the N termini approach each 
other on domain closing. 



metal plays only a subsidiary role in the stabilization of the 
"Active" dimer. In fact, the receptor is activated by glutamate 
without extracellular metal cation. Consequently, the cation is 
unnecessary for the closed-open/A structure (4) and may not be 
absolutely essential even for the ciosed-c!osed/A structure 
because of the presence of K260. Therefore, it appears reason- 
able that prolonged receptor aaivation, but not its ignition, 
explains the physiological role of the metal ion (11). However, 
another interpretation is also possible: that the metal itself 
exhibits an agonistic function (8) by transient formation of the 
closed-closed/ A structure. 

Conformational Change of the LB1 Domain Induced by Ligand Binding. 

In the previous report, we proposed that receptor activation is 
modulated by the relocation of the LBl interface (4). To explore 
how ligand binding affects the conversion between the A and R 
conformers, we compared the two crystal structures between the 
5-MCPG complex (open-open/R) and the glutamate one (closed- 
open/A). Neither the agonist nor the antagonist induces any global 
conformational change within the LBl domain (rmsd 0.49 A for 279 
Ca atoms). Instead, a local conformational change was observed at 
the B helix (residues 112-123), in which the C terminus is extended 
by one turn (residues 124-127) in tlie antagonist-bound complex to 
expand the LBl interface slightly (4). In addition, the C helix is 
apparently pushed away by '**0.5 A from the LB2 domain when 
glutamate is trapped in the closed protomer f Fig. 5), whereas the 
B helix exhibits a smaller deviation («*0.2 A). Even such small 
alteration in the relative positions of these two helices could 
modulate the LBl-LBl contacts in some degree. It is intriguing that 
the N termini of almost all of the a-helices are directed onto the 
domain crevice, where glutamate is bound to alleviate the strong 
dipole-dipole repulsion, particularly between the C and F helices 
(residues 235-251) (Fig. 5). Although the movement of the C helix 
is nearly comparable to the average error of structure determina- 
tion [0,5 A; estimated from the Luzzati plot (27)] and the rmsd of 
the superimposition, the agonist may be able to induce the reloca- 
tion of the LBl interface through such a subtle perturbation, in 
coordination with the open-closed movement of the protomers. 

Functional Role of the Dimer interface in Dynamic Equilibrium. In 
addition to the conformational link between ligand binding and 
the relocation of the LBl interface, other factors may be 
required to fully account for the activation mechanism, where 
the agonist simply increases the relative population of the 
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Fig. 6. Computed potential energy for the interprotomer nonbonded in- 
teractions. Relative electrostatic {A) and van der Waais (6) energies were 
plotted as a function of the open angles for the two protomers (horizontal and 
vertical axes). The potential energy difference is contoured at every 5 kcal/ 
mol. The conformations with open angles (5", 5" and 0°, 0°) exhibit the lowest 
energies for the electrostatic and van der Waals interactions, respectively. (O 
An equilibrium model proposed for ml-LBR. The open boxes indicate the 
states for which structures have been determined by x-ray crystallographic 
analyses. The shaded A conformer in the open-open combination forms an 
energetically unfavorable structure, because of the electrostaticbarrier of the 
LB2 interface. 



"Active" conformer through dynamic equilibrium (4). The crys- 
tal structure of the complex with glutamate and Gd^*^ revealed 
another dimer interface between the LB2 domains, Interpro- 
tomer interactions at the LB2 interface significantly differ 
between the closed-closed (Fig. 4v4) and closed-open (Fig. 45) 
dimers, when the LBl-LBl contact is the A state. Therefore, the 
LB2 interface is capable of sensing the protomer conformation, 
which seems to be modulated by ligand binding. 

To elucidate the functional role of the LB2 interface, we built a 
hypothetical dimeric model in which the open angles of the two 
protomers are varied independently. To investigate the effects of 
the open angles on the dimer formation, the interprotomer non- 
bonded interaction energy was theoretically computed. Nine pro- 
tomer models with various open angles (0-40** with 5* intervals) 
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were constructed by using the structure of the closed protomer in 
the dosed-open/A state (PDB lEWK, corresponding to 0'). 
Larger open angles caused steric collisions between the two regions, 
ranging through residues 475-478 and 501-503, respectively. These 
protomers were combined to build 45 hypothetical A-conformer 
dimers by using the glutamate-bound dosed-open/A structure 
(PDB lEWK). The potential energies of the electrostatic (Fig. 6A) 
and van der Waals (Fig. 65) interactions formed between the two 
protomers are shown in Fig. 6. The open-open/A state extensively 
exhibits higher electrostatic energy, by *»30 kcal/mol, than the 
cIosed-dosed/A and dosed-open/A states, although solvation 
energy should be also taken into consideration. The hypothetical 
open-open/A model (Fig. AC) suggests that the interprotomer 
LB2-LB2 contact, involving E233, E238, and K260, generates 
strong electrostatic repulsion. On the other hand, the interprotomer 
van der Waals energy is relatively constant. Actually, the invariable 
LBl-LBl contact mainly contributes to the interprotomer van der 
Waals interaction. Therefore, the open-open/A state yields an 
electrostatically unfavorable dimer interface, which could exdude 
only the open-open/A state from the components in the dynamic 
equilibrium of ml-LBR. 

This exclusion of the open-open/A state suggests another 
activation mechanism, where the extracellular region of mGluR 
adopts various conformations in the dynamic equilibrium (Fig, 
6C). On agonist binding to mGluR, the population of the 
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open-open dimer decreases, because the agonist induces do- 
main closure. Because of the exclusion of the open-open/A 
structure, only the R conformer is allowed in the open-open 
combination. Under these 'conditions, glutamate binding ,de- 
creases the open-open/R population and thereby increases the 
relative population of A conformers in the equilibrium of the five 
components. On the other hand, 5-MCPG, as an antagonist, 
fixes the open protomers so that the dimeric receptor is forced 
into the open-open/R state alone. Thus, the LB2 interface 
appears to play a regulatory role in eliminating the open- 
open/A state, whereas the LBl interface contributes to dimer- 
izing the two protomers and determining the receptor activation 
state. This receptor may be modulated by the equilibrium shift, 
which is directed by the ligand (agonist or antagonist) and by the 
structural changes on the LBl interface, where the structures of 
the two helices are supposed to change on ligand binding. 
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Metabotropic glutamate receptor (mGluR) subtype 1 
is a Class III Gr*protein-coupled receptor that is mainly 
expressed on the post*synaptic membrane of neuronal 
cells. The receptor has a large N-terminal extracellular 
ligand binding domain that forms a homodimer, how- 
ever, the intersubunit communication of ligand binding 
in the dimer remains unknown. Here, using the intrinsic 
tryptophan fluorescence change as a probe for ligand 
binding events, we examined whether allosteric proper- 
ties exist in the dimeric ligand binding domain of the 
receptor. The indole ring of the tryptophan 110, which 
resides on the upper surface of the ligand binding 
pocket, sensed the ligand binding events. From satura- 
tion binding curves, we have determined the apparent 
dissociation constants (jKq^) of representative agonists 
and antagonists for this receptor (3.8, 0.46, 40, and 0.89 
/AM for glutamate, quisqualate, (5)-a-methyl-4-carboxy- 
phenylglycine ((S)-MCPG), and (+)-2-methyl-4-carboxy- 
phenylglycine (LY367385), respectively). Calcium ions 
functioned as a positive modulator for agonist but not 
for antagonist binding {K^ g values were 1.3, 0.21, 59, and 
„ 1.2 fiM for glutamate, quisqualate, (S)-MCPG, and 
LY367385, respectively, in the presence of 2.0 mM cal- 
cium ion). Moreover, a Hill analysis of the saturation 
binding curves revealed the strong negative cooperativ- 
ity of glutamate binding between each subunit in the 
dimeric ligand binding domain. As far as we know, this 
is the first direct evidence that the dimeric ligand bind* 
ing domain of mGluR exhibits intersubunit cooperativ- 
ity of ligand binding. 



Glutamate is a major nexirotransmitter in the excitatory 
synapses of the central nervous system, and two types of glu- 
tamate receptors are expressed in nerve cells: one is an iono- 
tropic glutamate receptor, and the other is a metabotropic 
glutamate receptor (mGluR).^ The former is a glutamate-gated 
ion channel, which induces a synaptic potential upon gluta- 
mate binding, whereas the latter is a G-protein-coupled recep- 
tor (GPCR), which induces various cellular responses to gluta- 
mate stimulation, e.^. inositol triphosphate production and the 
subsequent elevation of intracellular calcium, or a cytoplasmic 
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cyclic AMP concentration change caused by the modulation of 
adenylyl cyclase activity. Because these cellular responses 
modulate the degree of synaptic neurotransmission, mGluRs 
are believed to be involved in higher order neuronal activities 
such as memory, learning, and so on (1, 2). 

The mGluR belongs to the Class III GPCR and forms a 
subfamily consisting of eight subtypes (mGluRl-8) (3-6). One 
outstanding feature of the receptor is the large extracellular 
ligand binding domain (LBD), which is characteristic of the 
Class III GPCRs. The mGluRl LBD consists of --520 amino 
acids and forms a clamshell-like bilobate domain (LBl and 
LB2) (7, 8). Our previous biochemical and crystallographic 
studies demonstrated that the LBD forms a homodimer by not 
only an intersubimit disulfide bond but also hydrophobic inter- 
actions (7-10). In the crystal structures, one protomer of the 
dimeric LBD adopts two different conformations: an open con- 
formation and a closed conformation. A symmetric structure 
with both protomers in the open conformation is observed in 
the absence of glutamate, whereas the structure of the gluta- 
mate binding state is asymmetric, because one protomer adopts 
the closed conformation and the other adopts the open confor- 
mation. Interestingly, even in the absence of glutamate, the 
asynmietric open-closed conformation is observed, impljdng 
that the open and closed conformations of the protomer are in 
equilibrium in an aqueous solution without ligands. Glutamate 
binding promotes the closing motion of the ligand binding 
pocket, so the closed conformation should be stabilized. Thus, 
the glutamate-bound open conformation observed in the crystal 
structure is a fascinating puzzle. One attractive explanation for 
this is an allosteric property in the dimeric LBD: the closed 
conformation in one protomer would negatively affect the bind- 
ing mode of the other protomer. However, such an allosteric 
effect on ligand binding has not been demonstrated yet for 
this receptor. 

Some allosteric properties have been previously reported for 
several receptors. Extensive biochemical and crystallographic 
studies have been performed on the bacterial dimeric aspartate 
receptor, and the mechanism of negative cooperativity on as- 
partate binding has been elucidated on the basis of the struc- 
ture (11-14). Allosteric properties are also inferred in several 
GPCRs (15, 16), however, in these cases, the observed cooper- 
ativity seems to result from oligomerization of receptors on the 
membrane surface. Thus, the allosteric properties in terms of 
subunit-subimit communication are more obscure in the 
GPCRs than those in the bacterial aspartate receptor. Re- 
cently, dimer formation by GPCRs has been detected, and 
ligand selectivity appears to be broader than previously ex- 
pected (17-20). It was also reported that, in the heterodimeric 
7-aminobutyric acid type B receptor, the GB2 subunit and its 
association with the GBl subimit control the agonist affinity in 
GBl subunit (21). Therefore, the cooperativity in dimeric 
GPCRs has become a cxurrent issue. In this context, our mGluR 
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system provides a unique opportunity to decipher the cooper- 
ativity in the ligand binding event of Class III GPCR using a 
purified pre-formed dimer. 

To investigate whether alloster>' functions in Hgand binding, 
it is essential to auialyze a saturation ligand binding curve with 
a wide range of ligand concentrations from sub>nanomolar to 
millimolar. ^-Labeled quisqualate, which is an agonist spe- 
cific for mGluRl and -5, is widely used in the ligand binding 
assay. However, this conventional assay cannot yield a satura- 
tion binding curve because of the upper limit of the applicable 
hgand concentration. 

Because the fluorescence emitted from tryptophan is sensi- 
tive to the environment surrounding the indole group, the 
intrinsic tryptophan fluorescence can .be a good probe to sense 
ligand binding events (22-25). In the present study, we found 
that the fluorescence spectrum of the intrinsic tryptophans of 
purified mGluRl LBD changed upon ligand binding. The sys- 
tem led us to obtain saturation binding curves by titration of 
the tryptophan fluorescence with glutamate, a native ligand, 
and other non-native ligands, such as quisqualate, (S)-a-meth- 
yl-4-carboxyphenylglycine ((S)-MCPG), and (+)-2-methyl-4- 
carboxyphenylglycine (LY367385). These binding curves al- 
lowed us to determine the apparent binding constants of these 
ligands and to demonstrate the positive effect of calcium ions 
on agonist binding. Furthermore, Hill analyses of the titration 
curves revealed that negative cooperativity of glutamate bind- 
ing exists between each protomer of the dimeric mGluRl LBD. 

EXPERIMENTAL PROCEDURES 

Maieriais— L-Quisqualate, (5)-MCPG, and LY367385 were pur- 
chased from Tocris (UK). (i?)-MCPG was a gift from Dr. D. Shunter 
(Tocris). L-Glutamate was purchased from Nacalai Tesque (Japan). 
Oligonucleotide primers were obtained from Proligo (Japan). All 
other reagents used in the present study were of molecular or ana- 
Ij^ical grade. 

Construction of an Expression Vector for the FLAG-tagged LBD and 
Its Mutant-^To obtain a C-terminal FLAG-tagged mGluRi LBD, we 
performed PGR with pmGluRl04 (9) as the template. The forward 
primer for the PGR was designed at the N terminus of the LBD with a 
NotI site. The reverse primer was designed at the C terminus of the 
LBD (at the 1566th thymine in the mGluRl cDNA) with the DNA 
sequence for the FLAG epitope (DYKDDDDK) and a stop codon fol- 
lowed by an Xbal site. After verification by DNA sequencing, the PGR 
product was cloned into the pFastBac DUAL vector (Invitrogen) using 
the Notl and Xbal sites. The I120A and T188A point mutations were 
introduced into the FLACJ-tagged LBD gene by replacing the Not!/ 
PshAI region of the wild type with the same fragment containing the 
mutation, which was excised from the plasmid previously used in the 
mutation experiments (26). The WllOV mutation was introduced by 
site-directed mutagenesis using the QuikChange site-directed mu- 
tagenesis kit (Stratagene), with pmGluRlOS (9) as the template. After 
sequence verification, the Notl/PshAI fragment of this mutant was 
exchanged for that of the wild type on the pFastBac DUAL vector. 

Production of Baculoviruses for Protein Expression — Baculoviruses 
for protein expression were obtained by following the protocol of the 
Bac-To-Bac baculovinis expression system (hivitrogen). Briefly, the 
vector DNA was transformed into DHlOBac Escherichia coii cells (In- 
vitrogen). Then, the recombinant bacmid DNA purified from the 
DHlOBac cells was transfected into Sf9 insect cells, using the Cellfectin 
reagent (Invitrogen). After an incubation for 72 h at 27 the viruses 
were harvested from the cell culture medium. Then, the recombinant 
viruses were amplified by re-infecting Sf9 cells to enhance the viral 
titer. Finally, we checked the viral titer by a plaque formation assay 
using an immobilized monolayer culture of Sf9 cells. 

Protein Expression and PurifKotion— -The wild-type and mutant 
FLAG-tagged LBD proteins were expressed by inoculating the baculo- 
viruses into HighFive cells as previously described (9, 10). Purification 
of the protein was done by taking advantage of the FLAG tag. The cell 
culture medium (-500 ml) into which the target protein was suffi- 
ciently secreted was collected 4-5 days after the inoculation. After the 
addition of protease inhibitors (10 /ig/ml, 2 ng/ml, and 0.1 mM for 
leupeptin, pepstatin, and phenylm ethyl sulfonyl fluoride, respectively), 
the cells were pelleted by centrifiigation at 6,700 x g for 15 min at 4 "C. 



Then, the supernatant was directly applied to —1 ml of anti-FLAG 
M2-agarose (Sigma) packed in a disposable column (Bio-Rad). After the 
column was washed with a low salt buffer contaimng 10 mM Tris>HCl, 
pH 7.5, and 20 mM NaCl, the proteins bound to the beads were eluted 
by a high salt buffer containing' the FLAG peptide at a concentration of 
150 Mg^ml, dissolved in 10 mM HEPES, pH 7.4, and 300 nun NaCl. The 
eluted fractions were collected, and the protein was concentrated and 
buffer-exchanged to the assay buffer (20 mM H£PES, pH 7.4, and 50 mM 
NaCl) using an Ultra-free centrifiigation filter unit (Milhpore). The 
protein concentration was determined by the absorbance at 280 nm 
with a molar extinction coefficient of 126,500 M~^cm*^ as a dimer, 
which was calculated from the number of tryptophans, tyrosines, and 
cystines in the protein (27). The molecular weight of the FLAG-tagged 
protein was 119,800 as calculated fitim the amino acid sequence, in- 
cluding the C-terminal FLAG tag. 

Purification of the wild-type LBD of mGluRl (non-tagged) was done as 
previously described by using an immunoaffinity column conjugated with 
monoclonal antibodies (mGlNa-1) (9). The molecular weight of the wild- 
type LBD was estimated to be 117,800 from the amino acid sequence. 

Steady-state Fluorescence Measurement — Steady-state tryptophan 
fluorescence was measured by an F-4500 spectrofluorometer (Hitachi, 
Japan) with an excitation wavelength of 290 nm at 20 "C using a 
stirring cuvette. Protein concentration was 0.67 fxM as the dimer. Meas- 
urements were performed in a buffer composed of 20 mM HEPES, pH 
7.4, and 50 mM NaCl with or without 2.0 mM CaClj. Emission spectra 
from 300 to 400 nm were recorded. For the titration experiments, small 
aliquots of ligand (0.1-1.0% of total volume) were sequentially added to 
the cuvette, and the fluorescence intensity at 350 nm was recorded. 
Volume changes in the titration experiments were corrected before 
analyzing the data. To obtain the titration curves, we also used the peak 
values of the fluorescence spectra instead of the values at 350 nm, 
because the peak shift of the fluorescence spectrum would affect the 
calculated values of the Hill coefficients. Both calculations yielded sim- 
ilar Hill coefficient values, and, hence, in this report we used the values 
calculated from the fluorescence intensity at 350 nm. 

Transient Kinetics Measurement — Transient kinetics of the intrinsic 
tryptophan fluorescence change were measured with an SX18 stopped- 
flow spectrophotometer (Applied Photophysics, UK) at 20 "C. The exci- 
tation wavelength was 290 nm, and the emission was monitored with a 
335-nm longpass optical filter. The protein and ligand were dissolved in 
a buffer consisting of 20 mM HEPES, pH 7.4, and 50 mM NaCl. Meas- 
urements were done with a fixed protein concentration of 0.84 /iM (value 
after mixing). 

Ligand Binding Assay — The ^H-labeled ligand binding assay was 
performed using the polyethylene glycol (PEG) precipitation method 
(10) as previously described with minor modifications. Briefly, 20 nM 
^H-labeled quisqualate or glutamate (Amersham Biosciences) and the 
protein solution (1 /ig of protein) were mixed in 150 ^1 of binding buffer 
composed of 40 mM HEPES, pH 7.4, and 2.5 mM CaClg at 4 "C for 1 h. 
Then, 6-kDa PEG was added to the sample to a final concentration of 
15% with 3 mg/ml of yglobulin. After vortexing and centrifiigation, the 
precipitated material was washed twice with 1 ml of the binding buffer 
containing 8% of 6-kDa PEG, and then it was dissolved in 1 ml of water. 
After the addition of 14 ml of Clearsol II (Nacalai Tesque), the radio- 
activity was measured using a scintillation counter. 

Data Analysis of the Titration Experiments — ^Titration curves for 
glutamate and quisqualate binding were made by plotting the values of 
(F - Fo)/AF,^ against the ligand concentrations, where F and F^ are 
the fluorescence intensities in the presence and absence of ligand, 
respectively, and AF^^, is the maximum value of the fluorescence 
change in the titration experiment. For the titration curves of (S)- 
MCPG and LY367385 binding, the values of (Fq - F)/^F^^ were used 
because the intrinsic tryptophan fluorescence decreased upon the 
addition of these antagonists. The titration cur\'es were fitted to the 
following equation by the KaleidaGraph software (Synergy), ^F/ 
AF^ax = 5^Wapp + 5"H), where AF equals F - F^orFo - F,S is the 
concentration of the ligand, if^pp is the apparent dissociation constant, 
and n^ is the Hill coefficient. Hill coefficients were also calculated from 
the Hill plot, which yielded values similar to those derived from the 
curve fitting. With respect to iC^pp, we also obtained similar values from 
the half-maximal value of the titration curves. This value is denoted as 

q in the text, and we used it to estimate the affinity of the ligand. in 
this report. 

RESULTS 

To elucidate intersubunit allostery in the dimeric Hgand 
binding domain of mGluRl, we worked out a plan to utilize the 
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Fig. 1. Purification and ligand binding activity of the FLAG- 
tagged mGluRl LBD. A, silver-stained polyacrylamide gel of the 
FLAG-tagged mGluRl LBD, purified with the anti-FLAG M2-agarose 
gel. Samples were run in the presence {left, -\-DTT) and absence {right, 
-DTD of 20 mM DTT on a 9% SDS-PAGE gel. The interprotomer 
disulfide bond was formed under the non-reduced condition {-DTD, 
resulting in an upward shift of the target band. B, ligand binding ability 
of the FLAG-tagged LBD. The amount of the bound PHl quisqualate in 
equilibrium with 20 nM pHJ quisqualate was measured in the presence 
and absence of 1.0 mM non-labeled glutamate. The difference between 
the two bars represents the specific binding of [^Hjquisqualate. Each 
binding experiment was performed in triplicate, and each bar is shown 
as mean ± S.D. 

intrinsic tryptophan fluorescence signal to detect a ligand bind- 
ing event. For the first step, we constructed and purified the 
FLAG-tagged LBD of mGluRl to test whether the intrinsic 
tryptophan fluorescence changes upon ligand binding. 

Purification of the FLAG-tagged Ligand Binding Domain— 
Because the protein from the anti-FLAG-antibody-conjugated 
agarose gel was eluted with the FLAG peptide at a neutral pH 
instead of with an acidic or alkaHne buffer, the protein damage 
was minimized. As analyzed by SDS-PAGE followed by silver 
staining, the purified FLAG-tagged LBi) was observed as al- 
most a single band (Fig. LA). It was previously reported that 
under the non-reduced conditions the two protomers of the 
mGluRl LBD are cross-linked to form a dimer through an 
interprotomer disulfide bond even under the denaturing con- 
ditions on an SDS-polyacrylamide gel (9, 10). Like the non- 
tagged wild-type LBD, the band of the FLAG-tagged LBD un- 
der the reduced conditions (Fig. lA, -hDTT) was shifted to a 
position corresponding to twice the molecular weight imder the 
non-reduced conditions (Fig. lA, -DTT), indicating that the 
FLAG-tagged protein maintained the ability to form an inter- 
protomer disulfide bond as demonstrated for the non-tagged 
LBD (9). 

Next, we investigated the ligand binding ability of the FLACr- 
tagged LBD using a ®H-labeled quisqualate (('^H] quisqualate) 
by the previously described PEG-precipitation method (10). 
The final concentration of (^H] quisqualate was 20 nM. As 
shown in Fig. IB, the FLAG-tagged LBD boxmd the I^HJquis- 
qualate at the same level as that of the non-tagged LBD. This 
indicates that the additional eight amino acids at the C termi- 
nus of the protein do not influence the ligand binding capacity. 
From these data, we concluded that the FLAG tag at the C 
terminus did not perturb the activities of the protein, and 
therefore, we utilized the FLAG-tagged LBD for the following 
experiments described below. 

Intrinsic Tryptophan Fluorescence Changes of the FLAG- 
tagged LBD Induced by Ligand Binding — We examined 
whether the intrinsic tryptophan fluorescence changed upon 
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Fig. 2. Intrinsic tryptophan fluorescence spectra of wild-tjnpe 
and mutant FLAG-tagged LBDs. Steady-state fluorescence spectra 
of intrinsic tryptophan were measured by a fluorophotometer. The 
excitation wavelength was 290 nm. A, fluorescence spectra of wild-tsrpe 
FLAG-tagged LBD with and without 1.0 mM glutamate. B, fluorescence 
spectra of wild-type FLAG-tagged LBD with and without 0.1 mM (S)- 
MCPG. C, fluorescence spectra of wild type FLAG-tagged LBD with and 
without 0.1 mM quisqualate. D, fluorescence spectra of wild-type FLAG- 
tagged LBD with and without 0.1 mM LY367385. E, fluorescence spec- 
tra of T188A FLAG-tagged LBD with and without 1.0 mM glutamate. F, 
fluorescence spectra of wild-type FLAG-tagged LBD with and without 
0.1 mM (iZ)-MCPG. G, fluorescence spectra of WllOV FLAG-tagged LBD 
with and without 1.0 mM glutamate. In all spectra, the solid and dotted 
lines show the spectra witli and without the denoted ligand, respec- 
tively. Conditions were 20 mM HEPES, pH 7.4, and 50 mM NaCl at 
20 •C, The protein concentration was 0.67 ;iM. 

the addition of ligand. In the absence of ligand, the intrinsic 
tryptophans of the FLAG-tagged LBD exhibited an emission 
spectrum with a peak at ---345 nm when excited at 290 nm (Fig. 
2A, dotted line). Upon the addition of excess glutamate (1.0 mM 
final concentration), a native agonist for mGluR, the fluorescence 
spectrum changed in a manner such that the fluorescence inten- 
sity was enhanced by about 18% and the fluorescence maxi- 
mum was slightly shifted by ~1 nm toward a longer wave- 
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Fig. 3. Transient kinetic measurements of glutamate and (S)- 
MCPG binding to the FLAG-tagged LBD. Binding rate constants of 
glutamate and (S)-MCPG were measured with a stopped-flow appara- 
tus in 20 mM HEPES, pH 7.4, and 50 mM NaCl. The protein concentra- 
tion was 0.84 /iM (value after mixing). A, transient tryptophan fluores- 
cence change upon mixing with excess glutamate (0.5 mM after mixing). 
The dotted line shows a single exponential fitting curve. From the 
fitting curve, the observed rate constant was estimated to be 22.2 s~*. 
B, transient tryptophan fluorescence change upon mixing with excess 
(5)-MCPG (0.5 mM after mixing). The dotted line shows a single expo- 
nential fitting curve. From the fitting curve, the observed rate constant 
was estimated to be 38.6 s~^. 

length (red shift). Upon the addition of excess quisqxialate (100 
. at final concentration), a non-native strong agonist for 
group I mGluRs, the emission spectrum was enhanced, but 
amplitude of the spectral change was less than that observed 
for glutamate addition (Fig. 2C). This result probably reflects 
some environmental differences between the glutamate and 
quisqualate binding states aroimd the tryptophans that con- 
tribute toward sensing the hgand binding. As a control for 
these observations, we measured the emission spectrum of the 
T188A mutant. It has been demonstrated that this mutation 
dramatically reduced the binding affinity of agonists and that 
no cellular responses were detected in HEK293 cells expressing 
the full-length mGluRl carrying the same mutation (26). As 
shown in Fig. 2E, the emission spectrum of the mutant did not 
exhibit any noticeable change upon the addition of excess glu- 
tamate. Although we also examined the spectrum upon the 
addition of quisqualate, no effects were observed as well (data 
not shown). Therefore, the enhanced emission spectra observed 
for the wild-type FLAG-tagged LBD resulted from agonist 
binding to the protein. 

Fig. 2B shows fluorescence spectra in the presence and ab- 
sence of (S)-MCPG (100 /iM final concentration), an antagonist 
for mGluRl. In contrast to the results with the agonists, the 
fluorescence intensity of the intrinsic tryptophans decreased 
and the fluorescence maxima shifted toward a shorter wave- 
length (blue shift) upon the addition of (S)-MCPG. These 
changes were opposite to those observed for agonist binding. A 
similar spectral change was observed upon the addition of an 
excess of Ly367385 (100 pjvj final concentration), another an- 
tagonist (Fig. 2DX suggesting that, in the ligand binding states 
of the two antagonists, the environments around tryptophans 
involved in the fluorescence change were similar to each other. 
On the other hand, no spectral chEinge was observed upon the 
addition of (i?)-MCPG (Fig. 2F), a stereoisomer of (S)-MCPG 
that does not bind to the mGluRl LBD (8). This result clearly 
indicates that the observed spectral changes are due to the 
binding of the antagonists. 

We measured the rate constants of ligand binding to the LBD 
with a stopped-flow apparatus. As shown in Fig. 3A, the tryp- 
tophan fluorescence was abruptly enhanced upon mixing with 
glutamate (0.5 mM after mixing), and it almost reached a pla- 
teau within 1 s. The time course of the fluorescence intensity 
change was rouglily fitted to a single exponential curve. From 
the fitting curve, the observed rate constant (^^bs) of glutamate 
binding to the LBD was estimated to be 22.2 s~^. On the other 



Table I 

Solvent-accessible area of tryptophan side chains in mduRl LBD 
Solvent-accessible area of each tryptophan side chain in mOluRl 
LBD was estimated by a program SURFACE (29) with a sphere probe 
whose radius was 1.4 A. S^^^^ 'is an average of three values for each 
tryptophan calculated from the two open conformations in USS (PDB 
ED code) and one open conformation in lEWK S^^^ is an average of 
two values calculated from one closed conformation in lEWK and the 
other closed conformation in IISR. These values except for those in 
parentheses were calculated fi-om atomic coordinates whose coordinates 
of bound hgands were excluded. The values in parentheses were calcu- 
lated from the coordinates including the bound ligands. 
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hand, upon mixing with (iS)-MCPG (0.5 mM after mixing), the 
intrinsic tryptophan fluorescence was suddenly quenched and 
completely reached a plateau within 1 s (Fig. 3B). The time 
course of the fluorescence change was fitted well to a single 
exponential curve, and the observed rate constant was esti- 
mated to be 38.6 s~^. It should be noted that these rate con- 
stants of ligand binding are apparent rates measured only at 
the saturating concentration of ligands. They do not represent 
actual association rate constants of ligand. 

Identification of the Tryptophan Residue Contributing to the 
Spectral Change of the Intrinsic Tryptophan Fluorescence — 
Tryptophan fluorescence in a protein is generally influenced by 
the surrounding environment. Water molecules, attacking the 
indole moiety of tryptophan, and polar side cheiins and peptide 
bonds in close proximity of the indole ring are major causes of 
tryptophan fluorescence quenching (28). There are seven tryp- 
tophan residues in one protomer (Trp-llO, Trp-224, Trp-320, 
Trp-367, Trp-372, Trp-468, and Trp-500). To predict which 
tryptophan residue contributes to the observed spectral 
changes, we examined the environment aroimd each trypto- 
phan side chain using the atomic models. 

We first considered solvent accessibility of each tryptophan^ 
To quantify it, we calculated the solvent-accessible area of each 
of the tryptophan side chains (indole rings) for the two distinct 
conformations of the protomer, i.e. the open conformation and 
the closed conformation, by the program SURFACE (29) (Table 
I). Of the seven tryptophans, only the values for one trypto- 
phan, Trp-llO, which is located on the upper surface of the 
Hgand binding pocket (Fig. 4), dramatically changed between 
the open and closed conformations: the solvent-accessible area 
markedly decreased in the closed conformation. In addition, the 
Trp-llO indole ring and the bound glutamate also contact with 
each other through a hydrophobic interaction (Fig. 4 and Ref. 
8). These observations suggest that the closed conformation 
shields the Trp-llO indole ring from water attack, implying 
that the fluorescence intensity increases in the transition from 
the open to the closed conformations. We next examined the 
polar side chains and the peptide bonds around tryptophans. 
The side chain of Glu-502 approaches the side chain of Tip-468 
in a structural transition from the closed conformation to the 
open conformation. However, Glu-502 is fully exposed to the 
solvent, and the temperature factors of its side chain in 
the crystal structures are extremely high (86-107 A^), indicat- 
ing that it rotates freely in random orientations in solution. 
Thus it was unlikely that this side chain affects the fluores- 
cence of Trp-468 through electrostatic interactions. On the 
other hand, the carboxyl group of Glu-292 side chain forms a 
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Fig. 4. Structure around Trp-110. The open conformation (light 
blue) of the protomer superimposes onto the glutamate-bound closed 
conformation (ivory) by their LBl domains. The side chain of Trp-HO is 
colored green (the closed conformation) and orange (the open conforma- 
tion). The glutamate in the closed conformation is colored yellow. 

hydrogen bond with a nitrogen atom of the Trp-110 indole ring 
in the closed conformation. In addition, the carboxyl group of 
. the bound glutamate is also located near the indole ring. Thus, 
these carboxyl groups might quench the emission from Trp-110 
with the excited state electron transfer (28). 

These considerations from crystal structures led us to predict 
that the observed fluorescence changes mainly resulted from 
environmental changes around Trp-110. To confirm this pre- 
diction, we altered the tryptophan residue to valine by site- 
directed mutagenesis and measured the fluorescence spectra of 
the WllOV mutant in the presence and absence of glutamate. 
This mutant maintained the agonist binding ability as judged 
from the ligand binding assay (data not shown). Nonetheless, 
no changes were detected in the fluorescence spectrum upon 
the addition of a sufficient amount of glutamate (Fig. 2G). 
Therefore, we concluded that the observed spectral changes of 
the intrinsic tryptophan fluorescence upon ligand binding were 
due to environmental changes aroimd the Trp-110 indole ring. 
The fluorescence spectra exhibited the enhanced intensity 
rather than decreased intensity upon the addition of glutamate 
(Fig. 2A). This fact suggests that the two carboxyl groups of 
Glu-292, and the bound glutamate in the closed conformation 
slightly affect, if any, the emission from Trp-110. In this case, 
the solvent effects would predominate over the effects of these 
carboxyl groups. Hence the main mechanism of the spectral 
changes on ligand binding is possibly due to the solvent quench 
of the Trp-ilO fluorescence. 

Titration of the Intrinsic Tryptophan Fluorescence with Li- 
gands and Effects of Calcium Ions on Binding Affinity — Using 
the intrinsic tryptophan fluorescence change, we produced sat- 
uration binding curves by ligand titration and evaluated the 
apparent binding constants fh>m the titration curves. We also 
examined the effects of calcium ions on the ligand binding 
affinity by carrying out titrations in the presence and absence 
of calcium ions. Fig. 5 (A-D) shows the titration curves for four 
different ligands. In the titration with glutamate without cal- 
cium ions, we estimated the apparent dissociation constant 
(ifo.s) of glutamate to be 3.8 fm from the half-maximal change 
of the titration curve (Fig. 5A and Table II). In the presence of 
2.0 xnM calcium ion, the curve was shifted leftward as compared 
with that in the absence of calcium ions (Fig. 5A). In this case, 
the apparent dissociation constant was estimated to be 1.3 fxM, 
which was about 3-fold higher affinity than that without cal- 
cium ions. These results indicate that calcium ions act to in- 
crease the affinity of glutamate for the LBD. In the titration 
with quisqualate, the Kq q values were shifted to lower ones by 



about one order in comparison with those of glutamate (0.21 ^im 
and 0.46 /lam in the presence and absence of calcium ion, respec- 
tively), indicating that quisqualate binds to the LBD more 
tightly than glutamate (Fig. 5C and Table II). This was con- 
sistent with the previously reported pharmacological data, in 
which the relative binding affinities -of these agonists were 
examined by inhibiting the binding of I^HJquisqualate in the 
conventional ligand binding assay (9, 10). We further tested the 
positive effect of calcium ions by the ligand binding assay using 
I^HJquisqualate and l^HJglutamate (Table III). As expected, 
the amount of bound ligand in the absence of calcium ions was 
smaller than that in the presence of calcium ions in both cases. 

We also carried out titration experiments for two antago- 
nists, (S)-MCPG and LY367385 (Fig. 5, B and D). In the 
absence of calcium ions, the apparent dissociation constants 
were 40 and 0.89 ixm, respectively, for (S)-MCPG and 
LY367385 (Table II). The higher affinity of LY367385 than 
(S)-MCPG was consistent with the previous pharmacological 
data (30-32). Interestingly, the positive effects of calcium 
ions observed for the agonist were not detected for these 
antagonists, suggesting that the positive effect of the calcium 
ions is specific for agonist binding. 

Hill Analysis of Ligand Binding to the LBD — To investigate 
the allosteric properties of ligand binding, we analyzed the 
titration curves by a Hill analysis. It is well known that a Hill 
coefficient calculated from the slope of a Hill plot represents the 
cooperativity of ligand binding in oligomeric proteins. If the 
Hill coefficient is larger than 1, then the ligand binding has 
positive cooperativity, whereas the Hill coefficient smaller than 
1 indicates negative cooperativity. 

Typical Hill plots of the titration curves for glutamate and 
(5)-MCPG are shown in Fig. 6. With respect to glutamate 
binding, the Hill plots at low and high concentrations of the 
ligand below 1.0 /xm and above 100 ^m, respectively, showed no 
(or low) cooperativity as judged from the Hill coefficients, which 
were close to 1 (0.88 and 0.89, respectively). However, at ligand 
concentrations between 1.0 and 100 /iM, the Hill plot exhibited 
strong negative cooperativity with a Hill coefficient of 0.48. 
This result is reasonable because the cooperativity of ligand 
binding generally does not appear at the upper and lower limits 
of the ligand concentration and emerges at the middle range of 
ligand concentrations. On the other hand, with respect to (S)- 
MCPG, the Hill plot showed one straight line over all ligand 
concentrations with a Hill coefficient of ~0.8, suggesting that 
the negative cooperativity observed for glutamate tends to dis- 
appear upon (S)-MCPG binding. The inset in Fig. 6 shows the 
Hill plots at the middle range of ligand concentrations (around 
Kq s), where the averaged values of three independent experi- 
ments were plotted. The Hill coefficients calculated from the 
plots of the inset were 0.55 and 0.83 for glutamate and (S)- 
MCPG, respectively. Taking the errors denoted in the graph 
into account, these Hill coefficient values were convincing 
enough to conclude that negative cooperativity was present. 
Similarly, we calculated the Hill coefficients for other ligands 
in the presence and absence of calcium ions. These values are 
summarized in Table IV. For quisqualate, the Hill coefficient 
was close to 1, indicating the lack of cooperativity between each 
protomer on quisqualate binding. For LY367385, the Hill coef- 
ficient was also close to 1. Calcium ions seemed to slightly 
affect the Hill coefficient of glutamate binding, because it 
changed from 0.55 to 0.70. Among the four different ligands 
examined, only the Hill coefficient for glutamate showed re- 
markable negative cooperativity. 

Reduced Cooperativity in the I120A Mutant — The negative 
cooperativity in mGluRl LBD indicates that the conforma- 
tional change of one subimit is transmitted into the other 
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Fig. 5. Titration curves of the in- 
trinsic tryptophan fluorescence 
change with ligand binding. Titration 
cunres with {open squares) and without 
{closed circles) caldum ion were gener- 
ated by monitoring the fluorescence in- 
tensity at 350 nm with sequential addi- 
tions of a small aliquot of ligand solution 
as described under "Experimental Proce- 
dures." A, titration curves for glutamate 
binding; B, titration curves for (S)-MCPG 
binding; C, titration curves for quisqual- 
ate binding, titration curves for 
LY367385 binding. Data were fitted by a 
hyperbola as described under "Experi- 
mental Procedures'* with the Hill coeffi- 
cients shown in Table IV. 
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Table II 

Apparent dissociation constant (Kf^g) ofligands for the 
FLAG-tagged mGluRl LBD 
These values were calculated from the half maximiun of the titration 
curves shown in Fig. 5. 



Ligand 



Wild type 



0 mu Ca** 2.0 mM Ca^" I120A, 0 nut Ca*+ 







fiM 




Glutamate 


3.8 


1.3 


16 


Quisqualate 


0.46 


0.21 


ND« 


(5)-MCPG 


40 


59 


39 


LY367386 


0.89 


1.2 


ND 



• ND, not determined. 

Table III 

Calcium effect on ligand binding activity 
These values were obtained from ligand binding assay using the PEG 
precipitation method. The final concentration of the ^H-labeled ligand 
in the assay mixture was 20 nM. Each assay mixture contained 1 /ig of 
protein. These were averaged values obtained from at least three inde- 
pendent experiments (mean ± S.D.). Units of the values are expressed 
as bound ligand molecule per one protein molecule. 



Ligand 



Bound lig&nds 



0 mM Ca^^ 



2 .0 mw Ca^* 



pH]quisqualate 
pHJglutamate 



0.057 ± 0.003 
0.029 i 0.002 



0.17 ± 0.002 
0.092 ± 0.004 



through the dimer interface. Thus, we carried out the same 
experiments using a purified FLAG-tagged I120A LBD, which 
has a mutation in the subunit interface. This mutation led to 
the uncoupling of ligand binding and signal transduction in- 
duced by mGluRl (26). This mutant still maintained the ca- 
pacity of ligand biding as previously demonstrated (Fig. 7A). 
The intrinsic tryptophan fluorescence of this mutant was en- 
hanced and reduced upon the addition of excess glutamate and 
(S)-MCPG, respectively, as observed for the wild type (Fig. IB), 



We then obtained the titration curves for glutamate and (S)- 
MCPG binding (Fig. 7C). From the half-maximal value of the 
titration curve, we estimated the apparent dissociation con- 
stants {Kq q) to be 16 and 39 /xM for glutamate and (S)-MCPG, 
respectively (Table II). These results indicate that only the 
glutamate binding affinity is negatively affected by the muta- 
tion. We also obtained the Hill coefficient value from the titra- 
tion curves. For glutamate binding, the Hill coefficient was 
calculated to be 0.80, whereas it was 0.83 for (S)-MCPG bind- 
ing. In comparison with the wild type, the Hill coefficient for 
glutamate binding was significantly increased in this mutant^ 
whereas the value for (S)-MCPG binding was similar to that of 
wild type. These results indicate that the negative cooperativ- 
ity of glutamate binding observed for the wild type tends to 
disappear with the mutation. Hence, the negative cooperativity 
possibly operates throxigh the hydrophobic subunit interface. 

DISCUSSION 

This study demonstrated that the intrinsic tryptophan fluo- 
rescence of the mGluRl LBD changed upon ligand binding and 
that this intrinsic fluorescence jnelded a saturation binding 
curve with an extensive range of ligand concentrations. Conse- 
quently, the Hill analysis revealed the negative cooperativity of 
glutamate binding between each protomer of the homodimeric 
mGluR LBD. 

Relationship between the Structure and the Intrinsic Trypto- 
plian Fluorescence Change of the mGluRl LBD — Interestingly, 
the directions of the fluorescence change were opposite between 
agonist and antagonist binding, for not only the emission in- 
tensity but also the peak position of the emission spectrum (see 
Fig. 2 and summary in Fig. 8). With respect to the emission 
intensity, agonist binding enhanced the emission, whereas an- 
tagonist binding reduced it. Because the tryptophan fluores- 
cence intensity change of the protein is attributed to the emis- 
sion intensity of Trp-110, the opposite changes in the spectral 
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Log[ligand] (fiM) 

Fig. 6. Hill plot for the titration curves of glutamate and (S)- 
MCPG binding. Ts^sical Hi}] plots derived from the titration curves are 
shown for glutamate (closed circles) and (S)-MCPG {open squares) bind- 
ing. Y means the degree of saturation of the ligand binding sites with 
bound ligand. Thus, Y equals \F - FQ\f^F„„, where F and are the 
fluorescence intensities in the presence and absence of ligand, respec- 
tively, and AF„,„ is the maximum of the fluorescence change in the 
titration experiment, is the Hill coefficient estimated from the slope 
of the plot. The inset shows Hill plots at the middle range of ligand 
concentrations, with values representing the mean of at least three 
independent experiments. 

Table IV 

Hill coefficients calculated from titration curves measured by intrinsic 
tryptophan fluorescence change 
These values were obtained from the slope in the middle section 
(around K^^ of the ligand) of Hill plots of the titration curves shown in 
Figs. 5 and 7. These are mean values and standard deviations derived 
from at least three independent titration experiments (mean ± S.D.). 
Statistical significance of some pairs of these values was examined by 
the Student's t test. 



Ligand 



Wild type 



0 mM Ca*^ 2.0 mM Ca*+ I120A, 0 nan Ca** 



Glutamate 


0.55 




0.07"'* 


0.70 


± 0.07* 


0.80 ± 0.04° 


Quisqualate 


1.04 




o.oe- 


0.92 


±0.05 




(S)-MCPG 


0.83 




0.09° 


0.91 


±0.03 


0.83 ± 0.29 


LY367385 


1.06 




0.08 


0.92 


± 0.07 


ND 



*• The differences are statistically significant (p < 0.05). 

* The p value was 0.058. 

* ND, not determined. 



intensity between agonist and antagonist are reasonable for 
the following reasons. In the agonist-induced closed conforma- 
tion, the solvent-accessible area decreases. As a result, the 
indole ring of Trp-110 would be protected from attacks by water 
molecules. This should lead to the observed enhanced emission 
upon agonist binding. By contrast, in the antagonist-induced 
open conformation, the water molecules could attack the indole 
ring more easily than in the closed conformation. This would 
result in the decreased emission. 

With respect to the peak position of the emission spectrum, 
agonist binding yielded a spectrum with a slightly red-shifted 
peak, whereas antagonist binding provides a spectrum with a 
markedly blue-shifted peak (Fig. 8). These spectral shifts can 
be also explained by the emission intensity of Trp-110. The 
fluorescence spectrum of WllOV was significantly blue-shifted 
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Fig. 7. Characterization of the I120A mutant. A, the Ugand bind- 
ing activity of the FLAG- tagged I120A LBD was measured by the PEG 
precipitation method with [^H] quisqualate. 20 nM pHj quisqualate was 
used in the binding experiment. The difference between the two bars 
represents the specific binding of [^H] quisqualate as shown in Fig. IB, 
B, intrinsic tryptophan fluorescence spectra of the I120A LBD in the 
presence and absence of ligand. The dotted line is a fluorescence spec- 
trum in the absence of ligand. Solid and broken lines show fluorescence 
spectra in the presence of 1.0 mM glutamate and 0.1 mM (S)-MCPG, 
respectively. C, titration curves for glutamate {closed circles) and (S)- 
MCPG (open squares) binding to the I120A LBD. Data were fitted by a 
hyperbola as described under "Experimental Procedures" with the Hill 
coefficients shown in Table IV. These data were generated using the 
averaged values of three independent experiments. 
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Fig. 8. Correlation between the peak wavelength and the rel- 
ative fluorescence level of the intrinsic tryptophan fluores- 
cence spectrum. Peak wavelengtli versus relative fluorescence level in 
the tryptophan fluorescence spectrum was plotted for the wild-type 
(closed circles) and I120A (open circles) FLAG-tagged LBDs. Each point 
in the graph is an averaged value, and the errors are derived from three 
independent fluorescence spectra. The left and right ordinates indicate 
ligand binding states and fluorescence intensity levels, respectively. 
The fluorescence intensities of the emission spectra in each ligand 
binding state are divided into three levels. It should be noted here that 
the right ordinate represents the direction of fluorescence change rather 
than the actual fluorescence intensity. 

with an emission maximum at ~335 nm (Fig. 2G). The blue- 
shifted spectrum induced by the lack of the Trp>110 indicates 
that the Trp-110 itself has a red-shifted fluorescence spectrum 
with a peak maximum longer than 335 nm. This is reasonable, 
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because the indole ring of Trp-llO is not buried inside the 
protein, but instead exposed to the solvent in the open confor- 
mation (7, 8, 25). If the red-shifted emission of Trp-110 is 
quenched upon antagonist binding, the total emission would be 
apparently blue-shifted. Indeed, the fluorescence spectnmi was 
blue-shifted upon the addition of antagonist (Fig. 2, B and Z)), 
indicating that this consideration is valid. Based on this notion, 
we can correlate the position of the emission maximum with 
the conformational states of the protomer: A blue-shifted spec- 
trum indicates an open cleft conformation, whereas a red- 
shifted spectrum indicates a closed conformation. In this con- 
text, the blue-shifted emission spectrum of the I120A mutant in 
the ligand-free state (Fig. 8) indicates that the ligand binding 
cleft of this mutant opens more easily than that of the wild type 
even in the absence of antagonist. This is consistent with the 
reduced affinity of glutamate in this mutant (Table II). 

The opposite directions of the spectral changes between the 
agonist and antagonist binding states imply that, in the ligand- 
free state, the LBDs exist in a mixed population of the open and 
closed conformations. This observation suggests that, in the 
Hgand-free state, the LBD protomers are in dynamic equilib- 
rium between the two conformations. This notion is consistent 
with the activation model previously proposed by crystallo- 
graphic studies (7, 8). 

Positive Effect of Calcium Ions on Agonist Binding — From 
the titration curves based on the ligand-dependent fluorescence 
change, we evaluated the apparent dissociation constant for 
several ligands from the titration binding curves and foimd 
that calcium ions increased the aftinity of agonists. This cal- 
cium effect was specific for agonists and was not observed for 
antagonists, indicating that calcium ions stabilize the closed 
conformation of the protomer. Positive effects of calcium ions 
on physiological mGluR activity have been reported. For exam- 
ple, extracellular calcium ions potentiate the phosphoinositide 
signaling generated by receptor activation (33), and extracel- 
lular calcium ions were required for a persistent response to 
glutamate stimulation (34). Thus, our finding may provide one 
of the molecular mechanisms for the positive effects of calcium 
ions described in these previous reports. 

Negative Cooperdtivity of Glutamate Binding in the Di- 
merle Ligand Binding Domain — The Hill analysis of gluta- 
mate binding yielded the Hill coefficient, which was smaller 
than 1 (/iH = 0.55 without Ca^"^). Although one interpretation 
of the result is the negative cooperativity between the two 
binding sites in the dimer, an alternative interpretation is 
also possible: it is due to the presence of two independent 
non-interacting sites, which have different affinities for glu- 
tamate. However, this is not plausible, because glutamate 
does not bind to any other portion except each ligand binding 
cleft of the homodimer in the crystal structures even at the 
saturating concentration of glutamate (1 mM). Therefore, we] 
concluded that the Hill coefiRcient of less than 1 was due to ' 
the negative cooperativity of glutamate binding. Contrary to 
glutamate, the negative cooperativity was completely abol- 
ished for the other agonist, quisqualate (^h = 1-04 without 
Ca^"^). This might be due to the higher affinity of quisqualate 
for the receptor than glutamate. That is, the strong affinity of 
quisqualate may overcome the weak binding conformation of 
the protomer. As a result, quisqualate could also bind to the 
second protomer, and the ligand binding cleft of the second 
protomer would close. The notion that the negative cooperat- 
ivity tends to disappear for a high affinity agonist is consist- 
ent with the observation that calcium ions, which raise the 
agonist affinity, slightly increased the Hill coefficient (Table IV). 
Thus, the possibility remains that calcium ions are partly in- 
volved in the cooperativity through affinity modulation. 



For the I120A mutant, the negative cooperativity upon glu- 
tamate binding had a tendency to disappear in comparison 
with that of the wild type, because the Hill coefficient was 
closer to 1 with this mutation (n^ = 0.80 without Ca^"*"). Ile-120 
is located at the center of the dimer interface formed by the 
hydrophobic interaction between each LBl, and hence, it is 
likely that the cooperativity would come out by the interaction 
between each protomer through the hydrophobic dimer inter- 
face. It should be noted that this mutation reduced the affinity 
for glutamate, despite the relatively long distance between 
lie- 120 and the hgand binding site. The reduced affinity only 
for glutamate indicates that the closing motion of the protomer 
of this mutant would be restricted. This is consistent with the 
blue-shifled fluorescence spectrum of this mutant, which im- 
phes that the ligand binding cleft of this mutant prefers the 
open conformation as discussed above. The reduced affinity of 
I120A also suggests that the modulation of the hydrophobic 
dimer interface can indirectly affect the affinity of the ligand. 
Taken altogether, the conformational changes of one protomer 
induced by ligand binding, such as the closing motion of the 
ligand binding pocket, will modulate the interaction between 
the two protomers, resulting in suppression of the closing mo- 
tion in the second protomer. 

The fact that the negative cooperativity was obliterated in 
the I120A mutant reminds us of the behaviors of mutants of the 
bacterial homodimeric aspartate receptor, whose structures 
have been solved in the apo-form, one aspartate-bound dimer 
(one half-site occupied) and two aspartate-bound dimeric states 
(11, 12). Mutations at a single residue, (serine 68), which is 
located in the subunit interface and within the aspartate bind- 
ing pocket, altered the original negative cooperativity to non- or 
positive cooperativity (13). These results, together with our 
present mutation study, indicate that the cooperativity of li- 
gand binding in a dimeric receptor would be maintained by a 
subtle balance of force in the dimer interface. 

What is the role for the negative cooperativity in receptor 
functions? In general, negative cooperativity extends the ligand 
concentration range over which the protein can work (14). Thus 
one possible role for the negative cooperativity is to extend the 
glutamate concentration range to which the receptor can re- 
spond. This mechanism will be useful in the situations where 
continuous stimulation takes place at the synapse. Even in 
such a situation, the receptor will be able to respond, because 
the ligand binding sites of the receptors on the cell surface 
would not be completely saturated by glutamate. The other 
advantage for the negative cooperativity is a greater sensitivity 
for low ligand concentration (14). This effect would also work 
favorably at the glutamatergic synapse in neuronal activity. 

Each protomer of the mGluR LBD seems to close easily at the 
hinge without structural constraints, and a closed protomer 
was actually observed in the ligand-free crystal. Nevertheless, 
the crystallization with glutamate disclosed the asymmetric 
open-closed conformation. This is probably due to the negative 
cooperativity of glutamate binding between each protomer. If a 
closed-closed conformation actually exists in vivo, then it might 
perform a distinct function from that of the open-closed confor- 
mation, although the closed-closed symmetric crystal structure 
has been obtained only with co-existence of glutamate and 
possibly non-physiological gadolinium ions. The rank order in 
the signal strength between the open-closed and closed-closed 
states has not been examined, however, the release of the 
negative cooperativity with aid of metal ions, such as calcium 
ions, might trigger the shift to the closed-closed form. If the 
negative cooperativity defines the proportion between the 
open-closed and closed-closed forms, and they differ in their 
signal strength or pathway, then the negative cooperativity 
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may discriminate between the associations with interacting 
proteins, including G proteins, in the cytoplasmic milieu and 
define the receptor destinies. In this context, an intriguing 
phenomenon is receptor desensitization. A receptor conforma- 
tion with both ligand binding sites fully occupied by agonists 
might be a desensitization signal, and the frequency of desen- 
sitization events would be suppressed by the feature of the 
negative cooperativity. Further analysis will be needed to clar- 
iiy these possibilities. 
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